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Introduction 
Our present-day knowledge of nature is consistent with the hypothesis that, in last 
instance, everything is made out of matter particles, messenger particles and a lot 
of void. 
The matter particles consist of quarks and leptons; they are all spin 1/2 particles 
and therefore fermions. In total 6 types of quarks and 6 types of leptons, grouped 
in 3 families of 2 leptons and 2 quarks, are known and all experimental information 
points to the conclusion that there are no more families to be discovered. Apart 
from the elusive and all-penetrating neutrinos, the stable matter that surrounds us 
consists of up (u) and down (d) quarks and the lightest charged representative of the 
lepton group, the electron. The other quarks, i.e. the strange (s), charm (c), bottom 
(b) and top (t) quark and the remaining muon- and tau-leptons together with their 
(nearly) massless neutrinos, play only an indirect role in our daily existence but a 
direct one in the evolution of the universe and its cosmology. 
The messenger particles are the quanta, which through their exchange, mediate 
the forces. Up until now three fundamental forces have been identified: the strong 
force based on the exchange of gluons, the electroweak force due to the exchange of 
the photon and the massive bosons W+, W~and Z, and gravity which is assumed to 
be associated with the (as yet undiscovered) graviten. The electroweak force results 
from the unification of the electromagnetic and the weak forces; it is described by 
the so-called "Electroweak Standard Model". The theory describing the strong 
force goes by the name of "Quantum Chromodynamics" (QCD) in analogy with 
the well-known electromagnetic force Quantum Electrodynamics (QED). 
This strong force is "felt" by quarks as well as by gluons, the force-particles 
themselves. Quarks and gluons are often collectively referred to as partons. In this 
thesis we will study properties of the strong interaction as described by QCD. In 
particular we will check if the b quark feels the strong interaction in the same way as 
the other quarks, a property which is embedded in QCD. To this end we will verify 
if a b quark is as likely to radiate a hard gluon as any of the other quarks. Another 
quantity that we will measure is the so-called sub-jet multiplicity, a quantity which 
provides information about soft gluon radiation. Again QCD makes predictions 
about this radiation: gluons and quarks are expected to radiate different amounts of 
soft gluons. 
The outline of this thesis is as follows: The theory used in this thesis is described 
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in chapter 1. In chapter 2 a global view of the experimental set-up is given. Chapter 
3 then describes how a sample of hadron events is obtained using the L3 detector; 
this sample is used for the analyses described in chapters 4 and S. In chapter 4, 
the strong coupling constant a
s
 for the b quark is compared with the one for the 
lighter quarks. Chapter 5 presents the analysis of the sub-jet multiplicities used 
for studying soft gluon radiation. The data used in these analyses were collected 
at CERN during the years 1991, 1992 and 1993 using the Large Electron Positron 
(LEP) storage ring collider. 
Note that in this thesis we will use units following from assuming с = h = 1. 
1 
Theory 
During the last 20 to 25 years many experimental results have confirmed the validity 
of Quantum Chromodynamics (QCD). Due to this success it is now commonly 
accepted as the theory of the strong interactions and hadron physics. QCD primarily 
describes the dynamics of the strong interactions of the quarks and gluons. The 
consequences of this dynamics are however observed on the level of the detectable 
hadrons. For many processes the calculable (perturbative) QCD effects thus become 
washed out by incalculable (non-perturbative) QCD processes. As a result most 
of the experimental tests of QCD are not as precise as, e.g., those of Quantum 
Electrodynamics (QED). 
Experiments with e+e~ annihilations have proven to be an excellent method 
for the study of hadron physics. In these experiments the electron and positron 
first annihilate to form a mixed state of a virtual photon and a Ζ boson which 
subsequently transforms into a fermion-antifermion pair. In most cases this will be 
a quark-antiquark pair. The two final-state quarks radiate gluons which can then 
again transform into quarks. In a subsequent process, called hadronisation, the 
individual quarks coalesce to form hadrons. 
The advantages of e+e~ experiments over hadron-hadron or lepton-hadron ex­
periments to study QCD are the following: 
• All the interacting particles have point-like interactions with the exchanged 
gauge boson (the photon or the Z). Thus the energy and the quantum numbers 
of the initial process are well known. In addition there are no effects of target 
remnants to be taken into account. 
• Hadron final states are easily identified by their very characteristic properties: 
large particle multiplicity and energy and momentum balance, i.e. £, Et = y/s, 
Σ, p, = б where s = E¡m ls the square of the centre-of-mass (CM) energy, Ε
τ 
the energy of particle г and p, its momentum. 
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Experimental results are available for a wide range of CM energies (from heavy 
quark resonances via the mass of the Ζ boson up to twice the mass of the W boson). 
This gives the possibility to study such properties as asymptotic freedom and quark 
confinement (see section 1.1). A major advantage of the LEP experiments over 
older e+e~ experiments, is not only their higher CM energy, but also their larger 
cross section resulting from running on the Ζ resonance. 
1.1 A brief history of QCD(1) 
In 1933 it was discovered that the magnetic moment of the proton was 2 5 times 
larger than expected from the Dirac theory The assumption of substructure in the 
nucleón was born. Also new particles were discovered a second nucleón called 
the neutron (found in 1932), mesons like the pion (predicted in 1934 and found in 
1937) and new strange particles, some again mesons like the K°, others, baryons 
like the Λ, leaving V-like track pairs in emulsion and cloud chambers Thus a new 
field of strong interaction physics and its experimental investigation was opened. 
In the years after World War II a flood of additional mesons and baryons were 
produced and studied in newly built accelerators In the beginning all these particles 
were thought to be "elementary". Very soon it became apparent, both as a result of 
their sheer number and their spectrum-like properties, that most, if not all, of these 
particles could not enjoy this qualification. 
In 1961 Gell-Mann and Ne'eman brought order in the large number of particles 
by introducing a group theory classification scheme into "elementary" particle 
physics. Mesons and baryons were assumed to belong to 8- and 10-dimensional 
representations of the group SU(3). One of the biggest successes of this scheme 
was the prediction and the subsequent discovery of the Ω- particle 
In 1964 Gell-Mann and Zweig explained the SU(3) symmetry by introducing 
quarks. These particles had spin 1/2 and transformed according to the fundamental 
triplet representation of SU(3) Originally the quarks appeared in three species only. 
They were distinguished by the names: up (u), down (d) and strange (s) a property 
collectively -and in jest- referred to as "flavour"; thus SU(3) became SU(3)fl
av0ur· 
Within this model the mesons were states composed of a quark and an antiquark 
and the baryons states of three quarks. Later evidence was found for three more 
flavours charm (c), bottom (b) and top (t) thereby enlarging the SU(3)navour group 
to an SU(6)fl
avour
 one. 
Again the Ω - particle became important after the introduction of the quarks. As 
this particle had to consist of three identical ь quarks and its spin was found to be 
3/2, both its flavour wave function and its spin wave function had to be symmetric. 
The three quarks, being in a state with minimum energy, ι e. the ground state, 
( 1 )Here -and in some of the following sections- our presentation is following the lecture notes of 
SBethke[ l] 
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also had to have a symmetric spatial wave function. The net result was a totally 
symmetric wave function. According to the Pauli principle for fermions the total 
wave function for the three s quarks must however be antisymmetric. To remedy 
this problem again a new quantum number was introduced which was now given 
the phantasy name "colour". According to this picture each quark exists in three 
colour versions: "blue", "red" and "green". Hadrons then are quark states which 
were invariant under colour transformations, i.e. they have to be colour singlets; 
their quark colours must add up to "white". These new quantum numbers again 
transform as the fundamental representation of the group SU(3), this time called 
SU(3)
co
i
our
 not to be confused with SU(3)fl
av
our· 
In analogy to the QED photons, gluons were believed to be massless spin 1 
particles. In 1973, after the discovery of the so-called asymptotic freedom [2,3], the 
couplings between the quarks and the gluons were described with a theory which 
required a self-coupling of the gluons. This theory made it possible to perform 
quantitative calculations and predictions of certain features of the strong interaction. 
This theory of the strong interaction was called Quantum Chromodynamics and as 
the name indicates SU(3)C0|0ur plays a fundamental role in it. Its only free parameters 
are the masses of the quarks and the strong coupling constant a
s
 which determines 
the strength of the coupling between the quarks and gluons. 
As mentioned above, the virtual photon or Ζ boson resulting from the e+e~ 
annihilation often materialises in a qq pair. Subsequently these quarks fragment 
into hadrons. The transverse momentum ρχ of these hadrons is found to be limited 
with respect to the direction of flight of the originating parton and to be independent 
of the energy scale of the experiment; it only depends on the virtual mass of the 
partons. Thus at high energies, hadrons are observed to be collimated around the 
direction of flight of the original partons and to form jets. These jets reflect the 
direction and the quantum numbers (e.g. spin and flavour) of the primary quarks. 
This makes the detection and analysis of hadron jets a very important tool for 
testing QCD. Since, at LEP and similar experiments, the CM frame coincides with 
the detector frame, an e+e~ -+ qq event will generally result in two jets which are 
back-to-back. In 1975, the first evidence for this jet structure in e+e~ annihilation 
events was observed in the CM energy region of 3 to 7.4 GeV using the SPEAR 
collider at the Stanford Linear Accelerator (SLAC) [4]. 
If in an event one of the two quarks radiates a hard gluon the event will appear 
as a three-jet event. Emission of more hard gluons could lead to additional jets. 
One of the greatest triumphs of QCD was the observation of three-jet events by the 
PETRA experiments in DESY-Hamburg around E
cm
 = 30 GeV [5]. The observed 
angular distribution of the third jet was found to be consistent with the radiation of 
a spin 1 particle as expected for gluon bremsstrahlung in QCD. 
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1.2 Basics of QCD 
In QED the messenger or force particles (the photons) couple to the electric charge, 
but are themselves electrically neutral. In QCD the force particles (the gluons) cou-
ple to the colour charge of the quarks but also carry colour charge themselves. This 
leads to the so-called self-coupling of the gluon. The three elementary interaction 
vertices involving the strong coupling constant are shown in figure 1.1. 
(b) ^ 
QQOQSf o(cts) 
0(a2s) 
Figure 1.1: The three elementary interaction vertices between quarks and 
gluons in QCD: (a) quark-gluon vertex, (b) three-gluon vertex and (c) four-
gluon vertex. 
The coupling constants in QED and QCD are not constants in the strict sense 
of the word. They vary in fact with the size of the energy scales involved in 
the interaction. This constitutes the so-called running of the coupling constant. 
Physically this dependence is related to charge screening effects resulting from the 
vacuum polarisation. 
To obtain an accurate theoretical prediction of an observable in QCD, one must 
calculate its higher order perturbative corrections via the evaluation of the corre-
sponding higher order interaction diagrams. Such diagrams are again composed 
of propagating quarks and gluons and their elementary interactions as depicted in 
figure 1.1. Some of these higher order diagrams yield divergences which present a 
problem in a perturbative approach. To solve this problem, one must renormalise 
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the theory, e.g. via the method of dimensional régularisation. In this method one 
performs the calculations in a 4-2E dimensional space. As a result the coupling 
constant acquires a dimension, which is unphysical. In order to keep the coupling 
constant dimensionless, a parameter μ has to be introduced, in essence representing 
the "unit" of this dimension. The renormalisation then amounts to the replacement 
af = Z(af^,e)af(ß) (1.1) 
in which af and af are the so-called bare and renormalised coupling constants 
respectively and Ζ is a series expansion in α"(μ) at the scale μ containing the 
unphysical singularities of the type 1/e, 1/t2, The parameter μ should be 
chosen in such a way that the renormalised perturbation series for the observable 
under consideration converges rapidly, i.e. the higher order terms are small. Note 
that af in 1.1 is just a number but that a* now depends on μ. 
There are different schemes of renormalisation within the dimensional régu-
larisation scheme (2). The one which will be used here is the so-called Modified 
Minimal Subtraction (MS) scheme [6, 7]. 
The scale dependence of a5 is obtained by differentiating equation 1.1. Using 
for Z(af, μ, e) the expression corresponding to the MS scheme one thus obtains an 
expression which is controlled by the so-called /^ -function [8]: 
^ = ^
) =
 - 2 ^ - 8 ^ - ( 1 · 2 ) 
where the index R on the renormalised parameter is now suppressed and in which 
ßo = 11 - |тгг (1.3) 
Q Q 
β, = 102- -щ (1.4) 
with щ the number of flavours participating at the energy under consideration. 
When integrating equation 1.2 to obtain a closed form for as(¿¿), a new parameter 
is introduced denoted by the symbol Л ^ : the lower boundary of the integration 
over μ. This parameter effectively controls the approximate boundary between 
perturbative and non-perturbative QCD and its value is generally taken to be in the 
region 100 MeV < A^s < 500 MeV. The strong coupling constant of QCD is then 
given to second order by the relation 
n
 ы -
 47r
 /i _ А ЧМдУлу] Ì 
Μ μ )
 -/Ып(д7лу Γ ßl ьи л у ƒ u ; 
(2>The two best known renormalisation schemes are the Minimal Subtraction (MS) scheme in 
which the factor Z(af,ß,e) only absorbs the poles in 1/t and the Modified Minimal Subtraction 
(MS) scheme where in addition it absorbs large constant terms. 
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Inverting this last equation leads to 
Α
^=
μ
 ^ГьШ
+
*п;ы{-ьг)}\ (1·6) 
which can be used to determine Л ^ experimentally. It can be shown that Л^д in 
fact does not depend on the energy scale μ. Therefore, having determined once the 
value of Л^д at one energy scale, the value for a
s
 is known for all energy scales. 
At large energy scales μ, or equivalently at small distances, α
β
 vanishes log­
arithmically, an effect which is called asymptotic freedom. In this region QCD 
processes can be calculated using perturbation techniques. However, at small 
energy scales or large distances a
s
 grows very large. The large QS value and the re­
sulting strong binding makes the interacting quarks inseparable: the corresponding 
property is appropriately called confinement. Non-perturbative methods are re­
quired to describe the interactions between the partons in the latter case. Although 
some non-perturbative methods exist (e.g. numerical lattice calculations and QCD 
sum rules) their applicability in high energy processes is limited. The prototype of 
a non-perturbative process is the parton hadronisation, i.e. the transformation from 
partons to hadrons. This typically happens at the scale of the hadron masses, i.e. at 
CM energies of the order of a GeV. Using this value in equation 1.5 returns a value 
for QS of the order of 1. 
In the perturbative region of QCD, predictions can be made for any well defined 
dimensionless event shape variable χ which becomes zero in case of a perfect 
back-to-back event. According to general theorems [9, 10, 11] the cumulative 
cross-section can be expressed in the form 
r
x
o 1 an 
R(L) = dx- — = C{a
a
)exp[G(a
s
,L)}+D(a
s
,L) (1.7) 
Jo σ dx 
with L = In (1/xo), C(a 5 = 0) = 1 and D(L — oo) = 0. The argument of the 
exponential function in general has the structure 
oo 2n 
G(a
s
,L) = £ £ G
n m
a
s
" L m · (1.8) 
n = l m = l 
The terms in this sum are classified as either leading-logarithms for m> n, next to 
leading for m = η or sub-leading for m < п. If the perturbative prediction possesses 
the property which is called "exponentiation", one has G
nm
 = 0 for m > η + 1. In 
this case the perturbative prediction for In R contains the following terms: 
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LL NLL 
asL2 asL 
a
2L3 a2L2 
as
3L4 a„3L3 
Q S 4 ¿ 5 Q s 4 ! 4 
Subleading terms 
as α,Ο(Α) 
a
2L a2 Q S 2 0 ( Ì ) 
as
3L2 a3L as3 а
а
30(±) 
a
s
4L3 · · · 
The first two columns are the leading-log and next-to-leading-log terms which, for 
small io, can be summed into analytic functions LGLL{QSL) and G^LL(asL) [12]. 
Taking into account just the first function is called the leading-log approximation 
(LLA); considering both functions the next-to-leading-log approximation (NLLA). 
The first two rows on the other hand constitute the theoretical prediction in second 
order perturbation theory. They are known for all current event shape variables 
and generally more reliable than LLA and NLLA for large x0 values. Note that 
the second order calculations just use the first terms from expansion 1.8. Thus a 
measurement of Лщ using second order calculations, might give a result different 
from that obtained using LLA or NLLA. 
1.3 QCD models 
Monte Carlo (MC) based model calculations which generate complete hadron final 
states are an essential tool for experimental studies of QCD. Amongst other reasons, 
they are used to correct for effects due to the hadronisation phase. They are also 
important to take detector effects into account and to identify and study background 
contributions. As sketched in figure 1.2 the process e+e~ —• Ζ —» qq -• hadrons 
can be divided into four phases: 
• The electroweak phase. 
In this phase the annihilation of e+e~ —• 7 or Ζ and the subsequent creation 
of the quark-antiquark pair takes place. 
• The perturbative QCD phase. 
Gluons are radiated off the initially produced quarks. There are two main 
classes of models for this phase. 
- Fixed order QCD models [13]. These models consider the processes 
Z,7 —» qq, qqg (first order in QS), qqgg and qqqq (second order, the highest 
order currently available) and use complete QCD matrix elements. To 
avoid negative cross sections for the 2-, 3- and 4-parton final states, a 
cutoff is used to deal with collinear and soft gluon emission, usually in 
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91 10 1 [GeV] 
Typical momentum 
transférât LEPl 
Figure 1.2: The different phases encountered in u e V —» Ζ —• qq —• hadrons 
event simulation. The typical momentum scales for the different phases at LEPl 
energies are also indicated. 
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terms of a scaled invariant mass of two partons; in practice one requires 
this mass to remain 10% above the CM energy. 
Fixed order models also go by the name Matrix Element (ME) models. 
- QCD shower models [13]. Usually these models repeatedly apply the 
basic splitting processes q -» qg, g —• gg and g —• qq using differential 
probabilities derived from LLA and NLLA. In these probabilities a pa­
rameter Λ (not to be confused with the Лщ used in the expressions for a
s
) 
is used to calculate the integrated chance of a splitting. From the initial 
Z/7 -> qq a cascade of gluons and quarks is thus created depending on 
the total available energy and a parameter Q0 giving the energy scale at 
which QCD stops being perturbative (normally of the order of a GeV). 
On average the number of partons found at LEP1 energies lies between 
5 and 10. (Note that in the fixed order QCD models the present-day 
maximum is 4 partons.) 
Sometimes the splitting processes referred to above are replaced by a 
showering mechanism based on considering the original qq pair as a 
colour dipole "antenna" which emits gluons. Subsequently the gq and 
gq pairs start to act like antennas as well. This variation of the shower 
model is referred to as the colour-dipole shower model. A disadvantage 
of this approach is that gluons are too frequently emitted in the central 
region, leading to events which are too spherical when compared to the 
data. An advantage is that it "automatically" takes into account effects 
due to quantum mechanical interference. 
These models are generally known as Parton Shower (PS) models. 
• The hadronisation phase. 
In practice, for the description of the transition of quarks into hadrons only 
phenomenological models are available. The most commonly used model is 
the Lund string hadronisation model [15]. Colour strings are stretched be­
tween the colour charges of the different partons. When the strings break they 
create quarks and antiquaries at the endpoints which subsequently combine to 
form colour singlet hadron states. The model can be used both in combination 
with the PS or the ME perturbative QCD models. 
An often used alternative model for the hadronisation phase is the so-called 
cluster fragmentation model [46]. In this model, all gluons resulting from the 
perturbative phase are split into qq pairs. Subsequently colourless clusters of 
qq pairs are formed which then decay into hadrons respecting simple phase-
space and spin conservation rules. On average this model leads to a less 
satisfactory agreement with the experimental data than the Lund model. 
• The decay phase of unstable hadrons. For this phase there are again no general 
reliable models available. One thus has to resort to input, derived from direct 
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measurements of the decay properties of the particles involved [17]. 
Many MC programs allow in the first two phases effects of photon radiation by 
the initial state e+e~ and the partons produced. 
The perturbati ve QCD and the hadronisation phase of the process both contain a 
number of free parameters which have to be tuned to the data. For the perturbative 
QCD phase with the PS option, the important ones are Λ and the cutoff parameter 
<2o· For the ME option there is the QCD scale parameter \^§ and the cutoff for soft 
and collinear gluons. 
For the hadronisation phase the important parameters are those dealing with the 
energy and momentum distributions of the hadrons formed from the quarks and 
thus also with the jet structure of an event. Specifically, for a qq pair with the quark 
moving in a given direction (and thus the anti-quark in the opposite one), each quark 
will produce new qq pairs (and sometimes a qqq triplet) and thereby form hadrons. 
These hadrons are assigned a longitudinal (рц) and transverse momentum (pT) with 
respect to the quark direction using MC methods. For pr this is effectuated by 
choosing randomly a value from a Gaussian distribution with a fixed width σρ
Ύ
. 
For the longitudinal momentum the assigning is for dynamical reasons more indirect 
and passes via the variable 
(E + p)q 
where E and ρ represent energy and momentum and рц the component of momentum 
parallel to the direction of the originating quark; the subscripts h and q indicate 
whether the variable refers to the produced hadron or the originating quark. A 
so-called fragmentation function f(z) is introduced which defines the probability 
that the resulting hadron will receive a given value z, i.e. in essence a value of рц, 
because El = (рц2 + ρχ2 + m2)h . 
The fragmentation function depends on the flavour of the originating quark. For 
the light quarks mathrmu, mathrmd and mathrms the 'Lund symmetric fragmen­
tation function' [19] is used: 
/ ( г )
~ ( Г ^ е х р ( ^ у (1Л0) 
where mT
2
 = m
2
 + рт2 is the so-called transverse mass, and a and b are free 
parameters. As these two parameters are highly correlated, α can be chosen freely 
and is usually set equal to O.S. The parameter b is then fitted to the data. 
For the heavy quarks с and b, a different fragmentation function has to be used 
because they are experimentally found (and kinematically expected) to fragment 
"harder" than the light quarks. The standard choice is the Peterson et al. formula 
[20]: 
m 
И-Ä)' 2-1-1 (1.11) 
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where (Q is a free parameter depending on the flavour. 
For the analyses presented in later chapters, the MC package JETSET [13] is 
used. This program has the possibility of using either the ME or the PS option. As 
both these models have their own advantages, they will be used in accordance with 
the requirements of the subject studied. Note that the parameters to be used in the 
Pr assignment and in formulae 1.10 and 1.11 depend on the model chosen. 
1.4 Coherence effects in parton showers 
Provided they are emitted within strong interaction volume distances, gluons will 
exhibit coherence effects. One of the consequences of coherence is the so-called 
angular ordering (АО) of sequential gluon emissions. As a result of this mechanism 
soft gluons can be regarded as being emitted at angles which become increasingly 
smaller at subsequent branchings (see figure 1.3). 
θ 1 > θ 2 
Figure 1.3: Angular ordering: gluons are radiated at angles which become 
increasingly smaller at subsequent branchings. 
To illustrate the origin of this phenomenon we consider a qq pair produced by 
a parent gluon and a subsequent soft (but still perturbative) gluon emission off the 
produced q (see figure 1.4) [22]. 
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Figure 1.4: Emission of a soft gluon after qq pair production. 
In a realistic physics situation this process is always accompanied by a (possible) 
gluon radiation off the other quark-leg (the q). Given that the coherence conditions 
are satisfied, both processes will interfere. What is then found as a result of a QCD 
calculation which properly takes into account higher order effects (in particular also 
all leading and next-to-leading logarithmic effects) is that if the angles involved 
obey the relation 0gq > 0qq-, the interference referred to above leads to a secondary 
gluon that behaves as if its emission came from the parent gluon. In other words: 
if the above angular condition is satisfied, the secondary gluon appears unable to 
resolve the qq pair, i.e. the substructure of the parent gluon. Independent gluon 
emission (not influenced by interference effects) is only possible for the situation 0gq 
and/or 0gq < 0qq. The net effect is that large angle gluon emissions are effectively 
pushed up the parton shower chain and the small angle gluon emissions down that 
chain. The situation is summarised in figure 1.3. 
Figure 1.5: The effect of coherence is that emission under a large angles of a 
soft gluon after qq pair production, is equivalent to emission from the parent 
gluon. 
A qualitative way to understand this phenomenon, is to apply the Heisenberg 
uncertainty relation to the qq system and the emitted gluon. This relation imposes 
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a constraint on the "lifetime" of the virtual quark between the creation point and 
the point where it emits the secondary gluon, a constraint which depends on the 
wavelength λ and the emission angle 0gq ofthat secondary gluon. The quark lifetime 
on the other hand can also be written as a function of 0qq- and the separation ρ of the 
qq pair. The net result is that 
P*«AJS (1.12) 
an expression which shows that 0gq > 0qq implies A > p, i.e. a gluon with a 
wavelength which cannot resolve the internal structure of the qq pair and only 
probes (the colour charge of) the parent gluon(3). 
Many MC models incorporate АО in a "natural" way: the parton branchings are 
calculated including the effect of gluon interference which de facto causes АО. The 
model we use most frequently (JETSET) does not possess this feature; АО has to be 
explicitly "forced in" by forbidding partons to be radiated at too large an angle(4). 
1.5 Jet clustering algorithms 
The presence of hadron jets can often be inferred just from the inspection of a 
graphical display of the events. Numerical studies however require a quantitative 
definition of the presence of a jet. This definition must be chosen to be applicable 
to both theoretical calculations and the experimental analyses. 
To identify jets in hadron final states, a clustering algorithm was suggested for 
the first time by the JADE-collaboration [23]. In this algorithm, one first calculates 
within a given event for all pairs of particles (i,j) the resolution parameter ytJ, 
np ρ 
2/.J = - ? H ( 1 - C O S < U (1.13) 
i.e. the squared invariant mass of the pair normalised to the square of the total visible 
energy. In this expression Е
г
 and E3 are the energies of particles г and j, θυ the angle 
between them, and EVi3 = Σ,, £. the sum of the total energy measured in the event. 
Next, the pair (i,j) with the smallest value for yl} is replaced by a pseudo-particle к 
possessing as four-momentum the sum of the г and j four-momenta: 
Vk=P,+V3- (1-14) 
Subsequently, one repeats the whole procedure, i.e. one again calculates the nor­
malised squared invariant mass of all pairs of (pseudo-)particles and recombines 
(3 )This process has a QED analogue valid for wide angle 7 emission from the e + e~ legs of a 
7 -» e+e~ conversion. The resulting angular ordering, the so-called Chudakov effect, was for the 
first time observed in cosmic ray showers in the middle of the 1950's [21]. 
(4)There is in principle a very small indirect АО effect in JETSET due to the Lund string hadroni-
sation processes, but in practice its consequences are negligible. 
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the pair with the smallest value for ytJ. This is continued until all ytJ values exceed 
a certain preselected value y
cut- AH the remaining pseudo-particles are called jets 
and the direction of the resulting momentum pk defines the corresponding jet-axis. 
A property of this scheme is that the number of jets in an event strongly depends 
on the preselected value y
cut (see section 1.7.3). 
There are several other jet algorithms. They differ from the JADE algorithm in 
the definition of the resolution parameter and the prescription used for combining 
the two (pseudo-)particles. There are e.g. the Ε, ρ and EO schemes which all use 
_ (P.+Pj)2 
El У, =
 К
-ЧФ^ 0-15) 
instead of equation 1.13, an equation which becomes equal to 1.13 if one assumes 
that the jet masses can be neglected. For the E scheme the four-momentum recom­
bination formula is the same as equation 1.14. For the EO and ρ scheme equation 
1.14 is replaced by 
EO-scheme : Ek = Et + E3 ; pk = ^
E
* , (?,+£) (1.16) 
ÌPi + Pj I 
p-scheme : pk=p,+p3 ; Ek=\pk\. (1.17) 
The Ε-scheme is totally Lorentz invariant but has the disadvantage that it makes the 
jets massive; keeping the jets massless is useful for higher order QCD calculations 
because such calculations need to assume zero-mass partons. In the EO- and p-
schemes the jets are kept massless by the different treatment of the adding of the 
three-momenta (EO-scheme) or the energy (p-scheme) respectively. Note that the 
JADE scheme also treats the (pseudo-)particles as massless when calculating the 
resolution parameter. 
Another alternative to the JADE algorithm is the Durham or frr-algorithm. The 
expression for y4 is replaced by 
y ^
2 m Ì n f f 2 ' ^ ( l - c o s ^ ) . (1.18) 
The combination of the four-momenta is the same as for JADE (equation 1.14). The 
distance measure yt} is, to second order in 0tJ, the square of the transverse energy 
of one particle with respect to the other particle. This is why the Durham algorithm 
is often referred to as the kT algorithm. An advantage of this scheme is that in 
the early recombination phases (when there are still many (pseudo-)particles) the 
'non-intuitive' recombination of particles with large angles almost never occurs. 
In essence this advantage is due to the fact that the smallest transverse energies 
are usually obtained for nearly parallel moving particles. This same advantage 
also facilitates making theoretical predictions for Durham jet properties (especially 
when evaluating higher order corrections). 
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Algorithm 
JADE 
E 
EO 
Ρ 
Durham 
Resolution parameter 
^ ( l - c o s 0
v
) 
(P,+P,? 
EL· 
ÍP.+P,)2 
(P.+ft)2 
2min(£,2,£2),n 
Four-momentum combination 
Pk = P. + p, 
Pk=P,+ P, 
Ek = El + E: ; pk = ]^](pl+pJ) 
Pk=i>i+Pj ; Ek =\pk | 
Pk=P,+ P, 
Table 1.1: Summary of the definition of the resolution parameters ytJ and of 
the four-momentum combinations used for the various jet algorithms. 
In table 1.1a short summary of the different algorithms is presented. 
As mentioned before, the JADE, E and Durham algorithms all use the full 
four-vector information for the combination part of the clustering scheme. In an 
experimental situation however, this information is not always available. For the 
analyses presented in this thesis, only the energy and direction of the particles 
are measured. As a result, the first phase of our JADE and Durham clustering 
combinations has to be of the EO type. The subsequent pseudo-particles do acquire 
mass however due to the addition of their four-momenta. As the combination 
scheme progresses the initial resemblance with the EO scheme disappears. 
1.6 Hadronisation effects 
The hadronisation process influences the quality and reliability of the jet clustering 
algorithms. In an experiment one only detects fully hadronised particles. QCD 
studies, which seek information at the parton level (i.e. before hadronisation), need 
jets found at the particle level (i.e. after hadronisation) which resemble those at 
the parton level. Extensive MC studies have demonstrated that the influence of 
the hadronisation on the jet properties depends very much on the type of clustering 
algorithm used. In reference 24 it was shown that the largest difference between 
the number of three-jet events at parton level and at particle level are found for the 
E (~ 30%) and Ρ jet clustering scheme (~ 10%) while they are smaller (~ 5%) for 
the other EO, JADE and Durham algorithms. At LEP1 energies Durham is even 
slightly better than JADE and EO; however the Durham algorithm appears to be 
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more energy dependent. Note that in these studies the y
cat ran from 0.002 to 0.2. 
To study the energy dependence of the hadronisation on the three-jet fraction, a 
3/
cu
t value was chosen in each scheme resulting in a rate of about 20%. The JADE 
and E0 scheme then yielded a hadronisation correction which was constant within 
a range of 2% for E
cm
 ranging from 22 to 100 GeV. This remarkable stability in 
the size of the hadronisation effect is not obtained when using one of the other 
jet algorithms. At smaller energies, usually for y/y^t · Ecm< 7 GeV (< 4 GeV 
for Durham), the hadronisation corrections increase due to misassignments of jets. 
Note that those energy limits were the energies at which jets were first observed. 
1.7 Measurements of a
s 
Since gluon jets were first observed at PETRA, one of the main goals of high energy 
physics experiments was to determine the strong coupling constant a
s
. Historically 
the main tools to handle this were the total hadron cross section, the thrust event 
shape variable and the jet multiplicity. These three methods are discussed in more 
detail below. 
1.7.1 Hadron cross section 
The cross section for e+e~—• μ+μ~ at low energies which is dominated by the 
exchange of a virtual photon is given by 
, -ι. .ι. 4 π α 2 1 ,, , „ . 
"(е - Л " ) = — (1.19) ó s 
where a is the electromagnetic coupling constant. If the muons are replaced by 
quarks, the above equation stays the same except that it has to be multiplied by a 
factor corresponding to the sum of the square of the quark charges and by a factor 
representing the degrees of freedom introduced by the colour quantum number. 
Thus at low energies the ratio of the hadronic and leptonic cross sections becomes: 
д =
 ,(e+e- -+ hadrons) ^ ,(e+e- -. qq)
 £ Q2 
a(e+e~ —• μ+μ ) a(e+e~ —» μ+μ ) ^ ч 
At energies y/s > 10 GeV (i.e. at energies above twice the mass of the b quark) 
experiments give values for RQ of about 11/3. That is the expected value for hadron 
final states produced by two quark flavours of charge 2/3 and three of charge 1/3. 
However, the experimental values are always just a bit larger than the naively 
expected value from equation 1.20. This effect can be ascribed to the Ζ pole at 
91.19 GeV. 
On the Z-resonance itself, the result on the right hand side of equation 1.20 
changes because the cross sections now become dominated by Z-boson exchange. 
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Separating this dominant Z-exchange from the final state QCD radiative corrections 
one can then write 
R = Ro 
'
+
" » ( Ϊ ) + " ( Ϊ ) ' - » ( Ϊ ) 1 • <•*> 
where До is the ratio of the Z-decay hadronic and leptonic partial widths when a 
final state QCD correction is absent (QS = 0) and the quantity between the square 
brackets a calculation of this QCD correction up to third order in a
s
 [25]. The ratio 
Ro can be calculated with high precision just using the SM electroweak theory and 
has a value on the Z-peak of 19.943. A measurement of the deviation of R from this 
prediction therefore yields a value of a
s
. 
1.7.2 Event shape variable: Thrust 
A typical event shape observable is the thrust Τ and its axis. To find the thrust axis, 
the expression 
Т=Щ^ (1.22) 
Σ,=ι Ι ρ, I 
where m is the total number of particles and p, are their momenta, is maximised by 
varying the unit vector π. The resulting vector ή gives the direction of the thrust 
axis. The thrust Γ is 1 in the case of perfect two-jet events while it is 2/3 < Τ < 1 
for planar three-jet events and Τ = 1/2 for completely spherical events. 
In principle we could derive a value for a9 from the thrust distribution, comparing 
measurements with MC predictions incorporating QCD and hadronisation effects. 
The model parameters, like the QCD parton shower scale parameter Λ, and the 
parameters used in the hadronisation process, could be adjusted to provide a good 
description of the hadronic Ζ decays. Because of the relation between a
s
 and the 
thrust-value distribution, varying these parameters until a good match to the data 
is obtained would then provide an indirect way of measuring a
s
. The problem 
with this approach is that it requires a QCD model with an explicit a
s
 dependence 
(e.g. the ME-model). The latter however gives a poor description of the complete 
hadron final state due to its limitation of at most four final state parton jets. The 
QCD model which gives a better description (PS) on the other hand does not have an 
explicit a
s
 dependence and is therefore not able of returning a useful measurement. 
The only consistent way to directly use the thrust variable for an a
s
 determination 
is to fit the measured thrust distribution to the recently derived LLA and NLLA 
predictions [12, 27]. Note that not the whole range of thrust values can be used but 
only a range where 1 - Τ is small, as the calculations are not expected to be reliable 
for very spherical events. 
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1.7.3 Jets 
At the partem level a three-parton event consists of a quark, an antiquark and a 
gluon. The Feynman diagram then looks like the one depicted in figure 1.6. After 
q 
e
+ 
\ Ζ/γ 
e" 
Figure 1.6: A three-parton event in LEP. 
parton showering and hadronisation, this event will look like a three-jet event if the 
initial gluon has a perpendicular momentum with respect to the quarks large enough 
to let it survive the clustering algorithm as a separate jet. In those conditions, to 
first order, the fraction of three-jet events /3 will be proportional to QS: 
/3 = ^ ~ a s ( M ) . (1.23) 
There can also exist events with 4 partons in the final state (2 quarks and 2 
gluons or 4 quarks) and if their energy and spatial separation are large enough each 
parton can yield a separate jet, thus creating a 4-jet event. If these conditions are 
not satisfied the jet finding algorithm will incorporate one of the extra partons into 
one of the other three jets and the event will appear as a three-jet event. A possible 
further clustering might even lead to only two remaining jets. 
It has been shown that the 2-, 3- and 4-jet fractions can be parametrised to 
second order in a
e
 as [28]: 
h = 1-/3-/4 (1.24) 
/з = ^МУ**) + ( ^ г ) Из(2/си0у1п(м7*) + Вз(2/си0] (1-25) 
h = {^)2B,(y
cat) (1.26) 
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where the quantities Ai(y
cui) and В^(усхЛ) are parameters and μ and ycut the pre­
viously introduced renormalisation scale and the cut-off parameter used in the jet 
finding algorithm, respectively. 
The expected y
cut dependence of the jet fractions is shown in figure 1.7. The jet-clustering algorithm used is JADE with the y
cut running from 0.01 to 0.20. As 
the 2/
cu
t increases, the algorithm becomes less able to distinguish three-jet events 
from two-jet ones; thus the fraction of two-jet events approaches 1 and the three-jet 
fraction decreases to zero. 
Figure 1.7: Dependence of the fraction of 2,3 and4-jet events on the value of 
the y
cut for Ζ —> qq events. The jet-clustering algorithm used is JADE. 
The parameters А
г
 and B, were calculated from order al QCD matrix elements 
by Ellis, Ross and Terrano [29] and are known for all the previously mentioned 
jet clustering algorithms. Thus, in order to obtain a value for a
s
, one basically 
just needs to measure the three jet fraction and use formula 1.25. This method is 
therefore one of the most explicit and direct ways of measuring the strong coupling 
constant. 
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A feature of the JADE and EO algorithms mentioned in section 1.6, is the stable 
and minimal effect of the hadronisation on the number of jets found; these schemes 
are therefore very suitable for studies of QS. 
1.8 Other studies of QCD 
1.8.1 Flavour independence of as 
The coupling constant QS determines the amount of gluon radiation off the quarks 
and is universal within the theory, i.e. it should have the same value for all quark 
flavours. An important issue is to test this prediction. This requires a qq final 
state with identified flavour. A logical choice is the reaction e+e~ —> bb. Events 
of this type can be identified using the weak decays of the b quark: b - » c + 
£ + v¡ where £ = e or μ (see figure 1.8). Because of the high Q-value of this 
Figure 1.8: A b quark decaying weakly into а с quark, a lepton and its 
corresponding antineutrino. 
decay-process (in essence as a result of the large mass difference between the b 
and с quark), the resulting lepton will have on average a high momentum and 
frequently also a large transverse momentum. Tagging of bb events can therefore 
be realised by selecting quark jets containing leptons with the above described 
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kinematic properties. In practice very high purities can be obtained; the pnce to 
pay however is low efficiencies. 
To study the flavour independence of α
β
, typically the three-jet fraction of a 
b quark sample is compared with the three-jet fraction of a udcs-quark sample: 
- = «ь (1.27) 
3 
as a function of j /
c u t , the jet resolution parameter. Making the assumption that the 
strong coupling is identical for the quarks u, d, sand c, this ratio can be obtained 
from the measured three-jet fractions /3 and /3had by using 
ь fi _ ( І - Р Ч / З ^ + Р І 
/had ( l -ptad^-to+ptad/b (1.28) 
where p' is the b-sample purity and p1™1 the fraction of b events in the hadron 
sample. Inverting this equation gives 
ρ _ JL - (І-Р^Х/зУ/з^+Р*-!
 n
 ™ 
or: 
Я=, !Ζίλ ,
 Ρ ΐ
· (i-зо) 1 - phad(l + Д
ь
) 
According to equation 1.25, Rb is to first order equal to 
** = •$*• (1.31) 
s 
The large mass of the b quark (~ 5 GeV), severely suppresses its possibility to 
radiate a gluon, both dynamically and kinematically. A correction can be derived 
for relation 1.31 by using QCD calculations based on massive quarks. Presently 
only matrix element model calculations up to first order in QS are available for these 
three-jet fraction corrections [31]. Depending on the y
cxlt, one predicts up to 10% 
less three-jet events for b quarks than for massless quarks, even in the case of a 
truly flavour independent a
s
. 
1.8.2 Sub-jet Multiplicities 
In the hadron channel of e+e~ collisions, two-jet events are expected to consist of 
two quark jets and three-jet events of two quark jets and one "hard" gluon jet. In 
addition to the leading jet-causing partons there are also soft gluons radiated by 
those partons. Perturbative QCD predicts that the probability for a quark or hard 
gluon to radiate a soft gluon is proportional to its so-called colour factor which 
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results from counting the numbers of different colours of gluons that contribute to 
a given process, i.e. CF = 4/3 for the quark and CA = 3 for the gluon
(5)
. As a 
result a jet originating from a quark will contain a different number of soft gluons 
than a jet originating from a hard gluon. One then expects that, at asymptotically 
high energies and assuming no interference, the multiplicity ratio of radiated soft 
gluons in three-jet events and two-jet events can be obtained merely by adding the 
colour factors of the inital partons involved [32]: 
2CF 8 '
 v
 ' ' 
Invoking the hypothesis of local parton-hadron duality, i.e. the hypothesis that 
the variable distributions of the partons are proportional to those of the resulting 
hadrons, a comparison can be made between prediction 1.32 and the data just by 
comparing the number of hadrons in two- and three-jet events. 
The ratio of the hadron multiplicities could in principle also be calculated using 
the NLLA approach [12]. One then encounters two major problems however: 
hadron multiplicities are neither so-called collinear safe(6) nor infra-red safe(7). Both 
deficiencies lead to an unphysical infinite number of particles in the calculations. 
A perturbative QCD calculation thus becomes impossible. There is however an 
alternative: instead of using the hadron multiplicities to test the above prediction, 
we can also use the sub-jet multiplicities; sub-jet multiplicities do not suffer from 
the described shortcomings. A further advantage of sub-jets is that they can be 
calculated at different scales enabling a direct comparison with perturbative QCD 
calculations. 
To count the number of sub-jets, the Durham algorithm is used. First, at a 
2/cut = 2/1, samples of two-jet and three-jet events are selected. Then, for the two-
and three-jet sample separately, the same jet clustering algorithm is applied for a 
series of resolution scales j/o < 2/ι· The jets thus found are referred to as sub-jets. 
The mean number of the sub-jets are labelled M2(yo) and M3(y0) for the two-jet 
and the three-jet event sample respectively. Since the numbers M2{y0) and M3(y0) 
include the initial hard partons a better estimate of the number of radiated soft 
gluons is obtained by subtracting the number of hard partons, i.e. 2 for a two-jet 
event and 3 for a three-jet event. The perturbative QCD-test consists of comparing 
(M3 - 3)/(M2 - 2) with the naive prediction 1.32 and the more sophisticated NLLA 
prediction. 
(5)The symbols used to denote these colour factors are remnants from group theory: they are in 
fact the eigenvalues of the SU(3)
c o
|
o u r
 Casimir operators. 
( 6 )A colhnear safe quantity is a quantity which remains unchanged when a particle is split into 
two particles moving in the same direction as the original one. 
'
7)An infra-red safe quantity is a quantity which remains unchanged when a particle of inrinitesi-
mally small energy is emitted. 
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Experimental details 
In this chapter a short description is given of the accelerator-collider used for the 
production of the e+e~ beams, the Large Electron Positron collider (LEP) at CERN 
and of the detector used for the measurements yielding the input for the present 
analysis, the L3 detector. Also discussed are the specific L3 methods used to 
measure hadron energies and to simulate the behaviour of particles in this detector. 
2.1 LEP 
The LEP ring [33] was designed to accelerate and collide electrons and positrons. 
During the period from 1989 until 1995, called the LEP1 phase, the colliding beams 
of particles had energies of about 46 GeV thus creating CM energies of about 92 
GeV. This energy is sufficient to create Ζ particles. In 1995 there was a short phase 
called LEP 1.5 in which the beam energies went up to 65 GeV and thus to a CM 
energy of 130 GeV. In 1996 the final phase, LEP2, was entered with beam energies 
approaching 86 GeV, thus enabling for the first time the creation of W+W~pairs. 
LEP is installed in an underground tunnel with a circumference of 26.7 km. at a 
depth varying from 50 to 150 metres It consists of 8 short straight sections in which 
the particles are accelerated and 8 long curved sections in which the particles are 
deflected. In four of the straight sections large particle detectors are installed going 
by the names ALEPH, OPAL, DELPHI and L3 respectively. In references 34, 35, 
36 and 37 more details can be found about these detectors. In figure 2.1 a schematic 
view of the geographical location of LEP and its detectors is shown. 
Lower energy CERN accelerators, built for previous experiments, are used as 
the LEP injection system. The system starts with a linear accelerator, producing 
electrons of 200 MeV which strike on a tungsten target to produce positrons. A 
second linear accelerator accelerates the positrons up to an energy of 600 MeV after 
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UNACS (LIL) 
<Qjj- 200 MeV e -
e~-> e* converter - - * * 1 ^ _ ^ ο MeV e* or e' 
7 ^ ~ j N > . EPA 600 MeV 
Figure 2.1: A schematic view of the LEP experiments and the accelerator 
system. 
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which they are stored in the Electron-Positron Accumulation ring (EPA). Electrons 
produced by the same initial linear accelerator are directly stored in the EPA. When 
the amount of particles stored reaches the required intensities, they are passed on 
to the Proton Synchrotron (PS) which increases their energies to 3.5 GeV. Subse­
quently, the electrons and positrons are transferred to the Super Proton Synchrotron 
(SPS) which accelerates the particles to 20 GeV. At this stage the particles are 
injected into the LEP ring, where they are further accelerated until they reach the 
required energy and the desired degree of collimation. As soon as the beams 
become stable they are made to collide in the four detectors. 
2.2 The L3 detector 
A perspective view and a longitudinal cross-section of the L3 detector are shown 
in figures 2.2 and 2.3, respectively. For future reference the following coordinate 
frame is chosen: the origin is in the centre of the detector, the x-axis towards the 
centre of the LEP ring, the y-axis upwards and the z-axis parallel to the beam pipe 
and pointing in the flight-direction of the electron beam. Frequently we will also 
use polar coordinates r, θ, φ, with г being the distance to the centre of the detector, 
θ the angle between the z-axis and the f vector and φ the angle between the x-axis 
and the projection of the f vector on the x-y-plane. The different subdetectors as 
well as the flight directions of the electrons and positrons are also shown in figure 
2.2. The whole detector is immersed in a magnetic field of 0.5 Τ produced by a very 
large volume magnet: both its length and its inner diameter are about 12 metre. 
The beams are brought to collide in the centre of the detector. The particles 
produced in the collision pass successively through the following subdetectors: 
• Time Expansion Chamber (TEC): a type of wire chamber measuring the 
tracks of charged particles. It is part of the central tracking detector which, in 
addition to the TEC, also contain z-coordinate measuring wire chambers (the 
Z-chambers). From the curved trajectories the charge and the momentum of 
the particles are determined. 
• Electromagnetic CALorimeter (ECAL): arrays of Bismuth-Germanate (BGO) 
crystals. All electromagnetically interacting particles leave some energy in 
this ECAL but electrons, positrons and photons deposit nearly all their energy 
in it. 
• Scintillation counters: arrays of plastic sheets in which light is produced by the 
passage of charged particles. They provide position and timing information 
employed by the trigger. Timing information is also used to distinguish 
cosmic particles from interaction particles. 
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Figure 2.2: A schematic view of the L3 detector. 
• Hadron CALorimeter (HCAL): a sandwich of uranium plates interspersed 
with wire chambers. In principle the HCAL absorbs and measures all hadronic 
particles. 
• Muon chambers (MUCH): arrays of wire chambers. They identify and mea-
sure the momentum of the muons. Muons have a very low interaction cross 
section and are hence able to pass through all the previous subdetectors. 
The TEC, ECAL, HCAL and MUCH are of direct importance for the variables 
used in our analyses. They are described briefly in the following sections. A more 
detailed description of all detector components can be found in reference 37. 
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Electromagnetic 
Muon Filter Calorimeter 
Hadron Calorimeter 
Figure 2.3: A longitudinal cut through the L3 detector. 
2.2.1 TEC 
The time expansion chamber is a cylindrical drift wire chamber consisting of an 
inner and an outer section. The inner one, extending from 8.5 cm to 14.3 cm radially, 
is divided into 12 segments, the outer one, extending up to 46.9 cm radially, into 24 
segments. The sensitive length of the wires is 982 mm. The wires in the TEC run 
parallel to the beam axis. There are three different types of wires: standard anode 
wires measuring the (r, φ) coordinates of tracks; charge division wires measuring 
the z-coordinates; grid wires solving the left-right ambiguities. Signals in the 
standard wires are sufficient to determine the (r, φ) coordinates. The sectors of 
the inner drift chamber contain 8 standard wires and those of the outer chamber 
54. To obtain a z-coordinate, the arrival time of the signals at both ends of the 
charge division wires are compared. The angular coverage of the TEC for particles 
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crossing all the wires (62 in total) is 45° < θ < 135°. There is additional but more 
limited coverage for tracks outside this region. 
Using events of the type e+e~ -* μ+μ~ the precision of the TEC is found to be 
[38] 
σ(ρτ) 
Ρτ 
= 2-ρτ% (2.1) 
with ρτ given in GeV. 
2.2.2 ECAL 
The BGO crystals of this detector are 24 cm long and have a front-end surface 
(i.e. the side of the crystal pointing towards the interaction point) of 2x2 cm, and 
a back-end surface of 3 χ 3 cm. The barrel part, covers the polar angular region 
42° < θ < 138° and consists of 24 rings, each one containing 160 crystals. Two 
endcaps, grouped in 17 rings, are divided into 16 0 sections, each section consisting 
of 96 crystals. The polar angular coverage for the end caps is 10° < θ < 35° and 
145° < θ < 170°. 
Originally the crystals were calibrated using test beams of electrons with mo­
menta of 2,10 and 50 GeV. From the energy deposited in each crystal and the signals 
read out by the electronics, calibration constants were derived. Recently this cali­
bration was improved using 45 GeV electrons form Bhabha events (e+e~ -• e+e~) 
and TEC-measured (lower energy) electrons. After this improvement the relative 
energy precision of the BGO for electrons and photons is found to be 
σ(Ε) 
E ^ - + о.з») + ( 1 . w + (2f)°% 
with the energy E given in GeV. Numerically this precision varies from ~ 5% 
at 100 MeV to ~1.4% at 45 GeV. Above 2 GeV the spatial precision is better 
than 2 mm. In order to reach this precision, careful calibration and continuous 
monitoring is necessary. The temperature of the crystals is checked continuously as 
the light yield of the BGO crystals depends strongly on it. By using a light source 
with a well defined energy spectrum, a xenon flash lamp, the light yield of the 
individual crystals is controlled daily. Furthermore pedestal values, i.e. the output 
of each crystal when it does not receive any energy deposits, are determined before 
each LEP fill. A detailed treatment of the calibration procedures can be found in 
references 39 and 40. 
2.2.3 HCAL 
The hadron calorimeter is constructed of 5 mm thick uranium plates parallel to the 
beam pipe, interspersed with proportional wire chambers. The wires in successive 
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chambers are placed alternately parallel to the beam direction or at right angles to 
it, thus providing measurements both in φ and z. 
The HCAL measures the energy of the hadrons by a total absorption technique. 
This requires the use of a very dense material, in our case uranium. The barrel 
consists of 9 rings of 16 modules each; their length is 4.7 m and their outer diameter 
3.6 m. The three inner rings have an inner diameter of 1.78 m whereas the others 
have a diameter of 1.96 m. The endcaps each consist of three separate rings. 
The barrel part of the detector covers the region 35° < θ < 145°, the endcaps 
5.5° < θ < 35° and 145° < θ < 174.5°. Both barrel and endcaps cover the whole 
azimuthal range thus obtaining a total coverage of 99.5% of 4π sr. 
The response of the HCAL was studied using test beams of electrons and hadrons 
with an energy between 1 and 50 GeV both on prototypes and finished modules. 
The response was shown to be linearly dependent on the energy of the particles. 
After calibration the energy precision of this calorimeter was measured to be: 
with the energy E given in GeV. 
The calibration of the HCAL is performed using the natural radioactivity of the 
uranium which provides a photon source with a known spectrum. Once a month 
this spectrum is measured in a calibration run. A comparison of this monthly 
measured spectrum with a reference spectrum gives correction factors for the data 
taken. More detailed information about the calibration of the HCAL is given in 
reference 41. 
2.2.4 MUCH 
The muon chambers consist of three layers of drift chambers grouped in octants 
and mounted coaxially with the beam pipe (see figure 2.2). The inner and outer 
chambers have two layers of wire chambers providing momentum (the P-chamber) 
and ζ (the Z-chamber) information; the middle drift chamber has only one layer 
of wire chambers and provides momentum information only. In general all three 
chambers yield coordinates (triplet information). If there is some malfunctioning 
of the muon-detector parts, one sometimes has to proceed with doublet information 
only. 
In these chambers the 0.5 Τ magnetic field makes a 50 GeV muon deviate from 
a straight line by a sagitta of 3.4 mm over a track length of 3 m [37]. The relative 
precision of the muon momentum measured in the chambers is given by 
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where ρ is the momentum of the muon (in GeV), σ{ρ) its error, As the error on the 
sagitta (in meter), В the magnetic field (in Tesla) and L the effective length of the 
track (in meter). The precision obtained for a 50 GeV muon is σ(ρ)/ρ = (2.5±0.2)%. 
In order to obtain this momentum precision the sagitta must be measured with a 
precision of better than 90 μπι. These numbers are for triplet information. For 
doublets the precision is much worse, about 20%. 
2.3 Hadronic energy measurement 
As described in the previous section, the L3 detector consists of various subde-
tectors. Signals from these subdetectors are related to the energy, momentum and 
identity of the particles crossing them. Several effects cause the measured energy 
to differ from the energy of the particles in spite of the calibration of the subde­
tector components referred to above. First, the actual detector contains gaps and 
non-detecting materials such as wires, supports and amplifiers which cause non-
detectable energy losses. Second, even the calibrated subdetectors themselves are 
not 100% efficient. And last, almost all neutrinos pass through the detector without 
detection. Gain-factors (G-factors) are introduced to correct for these remaining 
losses. 
In terms of G-factors, the total visible energy of an event can be written as 
E
vls = £ G,£, + Σ > „ + ]£ Я. + £ S 7 (2·5) 
ι μ e 7 
where г labels 9 different calorimeter geometrical regions. G, are the corresponding 
G-factors, E, the energies deposited in the calorimeter excluding E
e
 and Ε
Ί
 (the 
energies deposited by identified electrons and photons), and ρμ the momenta of the 
muons. For the muon, the momentum corrected for energy losses in the calorimeters 
is used ( 1 ). Identified electrons and photons are treated differently because these 
two particles deposit all of their energy in the ECAL. Since the BGO energies are 
calibrated using electrons, the G-factors for these particles are by definition set 
equal to 1. 
The calorimeter segmentation is shown in figure 2.4: 
1 : BGO barrel 
2 : HCAL barrel behind BGO barrel 
3 : HCAL barrel not behind BGO barrel or BGO endcaps (shallow) 
4 : HCAL barrel not behind BGO barrel or BGO endcaps (deep) 
5 : BGO in front of outer HCAL endcap 
6 : HCAL barrel behind BGO endcaps 
7 : Outer HCAL endcap 
(1)The use of a corrected muon momentum leads to some double counting in formula 2.5, but this 
effect is negligible [42]. 
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8 : BGO in front of inner HCAL endcap 
9 : Inner HCAL endcaps 
Figure 2.4: The different regions of the L3 calorimeter as used for the G-factor 
determination. 
The G-factors are determined experimentally using the following two con­
straints: 
• the mean visible energy should equal the CM energy: Έ~^ = >/s ; 
• the spread in the visible energy σ2 = (E
va
 - EViS)2 should be minimal. 
Using these G-factors a precision is obtained on Я™ of the order of 12% at 90 GeV. 
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2.4 Detector simulation 
Detectors are known not to give a perfect one-to-one mapping of the events. There 
always is a certain level of noise and there can be malfunctioning detector parts. A 
second major problem is the fact that there are also measurement fluctuations. 
To study the detector efficiencies and accuracies, we make use of a Monte 
Carlo simulation package called GEANT [43]. This package contains a detailed 
description of the detector and of the interactions of the generated particles with the 
various materials out of which the different subdetectors are built. Inefficiencies 
of the detector subcomponents are taken care of in the software by using as input 
a data base which has kept track of the subdetector performances during actual 
data-taking runs. 
As input for the detector simulation program, final-state particles ofe+e~ events 
are generated according to our current knowledge of particle production in such 
reactions. This level is called the particle level. For the case under study here, the 
event generator JETSET (version 7.3) is used. 
The output of the detector simulation program is called the detector level; it is 
written in the same format used for the real data. One can thus compare measurable 
quantities, both at the MC particle level and at the MC detector level and study the 
effects of the detector on these quantities. 
A Monte Carlo run with a fully operational detector including only a set of 
minimal noise problems is called an "ideal" detector Monte Carlo simulation. On 
this level only the following deficiencies and processes are allowed to influence the 
data: 
• Blind or inefficient spots in the detector: as can be seen in figure 2.3, there 
are some areas in the L3 apparatus not covered by some subdetectors, e.g. the 
gaps between the endcaps and the barrel of the electromagnetic calorimeter. 
Particles going through such gaps will escape electromagnetic detection. This 
poses a problem for nearly all types of analysis. 
• Spontaneous decay of uranium nuclei leading to extra energy deposits in the 
HCAL; such deposits can distort the number of identified particles and jets. 
• Secondary interaction of particles with detector materials, leading to addi-
tional particles. The importance of this effect depends on the type of analysis 
and the type of variable considered. As momentum is always conserved, 
collinear-safe quantities, such as the total energy and the thrust will not be 
affected. However, quantities such as the total number of particles can change 
quite drastically. 
The detector effects mentioned above are constantly present. In addition, there 
are also time dependent effects. When such effects are taken into account, the MC 
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simulation is called a "real" detector simulation. The major time dependent effects 
are: 
• Malfunctioning of parts of the calorimeters. Most of these events can be 
rejected by appropriate cuts on event shape variables (see chapter 3). To 
study these effects, sectors in the Monte Carlo are masked in accordance with 
the information about the performance of the detector which is recorded in 
the data base referred to above. 
• Malfunctioning of the TEC. Because of its complexity and vulnerability, the 
TEC needs special attention. It requires continuous monitoring and in case 
of problems the whole detector or parts of it must be switched off. To check 
whether segments of the TEC are operative or not, a so-called "4 minute 
interval test" is introduced. The data are divided into periods of 4 minutes, 
during which each of the 24 sectors of TEC is examined to see if it detected 
tracks during this time interval. If no track was detected the sector is assumed 
to have been "dead" during this period. The sectors of the detector in the MC 
are masked accordingly. 
• Malfunctioning of the muon chambers. As was already mentioned in sec. 2.2.4 
high voltage problems and dead wire cells may lead to not finding information 
in all three layers of the muon chambers (triplets) but only for two layers 
(doublets) or less. Reconstruction of a muon track only takes place if there 
is at least doublet information. Layers of the chambers in the Monte Carlo 
can be switched off in order to obtain the same triplet-doublet ratio as in the 
data. Here too the run data base is used as input with information about the 
performance of the muon chambers to mask sectors in the MC accordingly. 
• Beam-wall and beam-gas events. The beams may interact either with the 
wall of the beam pipe or with remaining gas molecules in the beam pipe. 
The number of these interactions depends on the quality of the beam optics 
and the vacuum. To study these effects, "events" are recorded without beam 
crossings. The effect of such noise is then taken into account by adding these 
"events" in appropriate ratios to the Monte Carlo sample. 

3 
Event selection 
For the analyses presented in this thesis, we first need to select a sample of hadron 
events, i.e. events produced by the reaction e+e~ —• Ζ —> qq. This event selec­
tion will be performed mainly by means of the energy deposits observed in the 
calorimeters. From this general hadron sample, we extract a subsample with a high 
b quark purity using the lepton tag method briefly described in chapter 1. 
This chapter describes in detail both the selection criteria used for all hadron 
events and those used for the hadron events with at least one b-tag lepton. 
3.1 Event reconstruction 
The on-line system of the L3 detector gives information of an event in the form of 
raw data, i.e., the signals as recorded by each of the subdetectors. The event recon­
struction from this raw data proceeds in two steps. In a first step the reconstruction 
within the individual subdetectors is accomplished; in a second step these different 
pieces of information are combined to obtain a global reconstruction of the event. 
For the four different subdetectors the first phase is as follows: 
• TEC: a pattern recognition procedure is used to combine hit wires into tracks; 
• ECAL: BGO crystals with an energy deposit of more than 10 MeV are clus­
tered with neighbouring crystals if at least one crystal has an energy deposit 
which exceeds 40 MeV. According to the energy profile of the cluster it is 
classified as either electromagnetic or as hadronic; 
• HCAL: analogously to the ECAL, energy deposits in the HCAL are grouped 
to form clusters; 
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• MUCH: hits in the P- and Z-chambers are first combined to form segments in 
each of the three layers separately. Subsequently these segments are combined 
into muon tracks requiring at least two P-segments. 
In the second phase the tracks and clusters of the subdetectors are combined 
into objects that represent the particles which can be used directly in the analyses. 
These objects are named: 
• ATRK: ("A TRacK") a TEC track associated with clusters in the ECAL and/or 
HCAL; 
• ASRC: ("A Smallest Resolvable Cluster") the combined energy deposits of 
the ECAL and HCAL; 
• AMUI: ("A MUon Identified") a muon track associated with a TEC track and 
with energy clusters in the calorimeters. 
After having found all these objects we can select events of the type needed for the 
analyses. 
3.2 Calorimetrie hadron-event selection 
The first-level hadron event selection is based on the ASRC's and AMUI's. To 
select hadron events we make use of a number of distinct properties of the hadronic 
decay of the Ζ and use the following cuts: 
• A cut on the visible energy E
vls (equation 2.5). Two cuts are needed, one on the 
low E^-side (E
vls/y/s > 0.6) and one on the high Evls-side (Evis/y/s < 1.4). 
In figure 3.2, the total visible energy distribution obtained for the data is 
compared with the one expected from the MC simulation. Both cuts are 
depicted in the figure. The data show an excess of events for E
vis/y/s< 0.5. 
This is mainly caused by two-photon events. These are events of the type 
e
+
e~ -+ e+e~77 —» e+e~hadrons, i.e., events in which the initial e" and 
e
+
 radiate two virtual (i.e. off-shell) photons which subsequently produce 
hadrons. Most of the time the final e+ and e~ both stay in the beam pipe. 
As a result these events usually have a low total visible energy and a cut 
E
vts/y/s > 0.6 will eliminate most of them. 
• Cuts on the final state total particle multiplicity. At y/s = 91 GeV, hadron 
events have a mean particle multiplicity of about 40 (see figure 3.2). An 
indirect way of selecting large multiplicities is to require the number of 
ASRC's (./Vcius) to be large: Ndas > 15. The differences between data and MC 
below this cut are due to e+e~ —• e+e~ or τ+τ~ events not included in the 
qq-event generation of JETSET. This first cut suppresses those events. 
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Figure 3.1: Distribution of the visible energy for data (points) compared with 
JETSET Monte Carlo prediction (histogram). The MC-distribution and the data 
are both normalised to one in the region selected by the cuts. 
The discrepancy at the high end of the cluster multiplicity distribution is 
understood to be due to an incorrect simulation of, and in some cases even to 
an incorrect cross section value for, the interactions of the hadrons with the 
detector materials used in the detector simulation. These events are rejected 
by requiring N
ciaa < 70. 
Conservation of momentum and the coincidence of the L3 laboratory frame 
with the e+e" CM frame, coupled to the empirical fact that, on average, most 
of the (energetic) final state particles leave a signal in the calorimeters, lead 
to the condition that the measured (vectorial) sum of both the longitudinal 
and transverse "energy vectors" should be small. The sum of the transverse 
energies is denned as: 
E± = ΣΕ,. 
Σ*- + Σ*. (3.1) 
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Figure 3.2: Number of clusters per event for data compared with the Monte 
Carlo prediction (histogram). The MC-distribution and the data are both 
normalised to one in the region selected by the cuts. 
where É, = Е
г
 pt is the energy vector of ASRC г, Ег its energy and p, its 
momentum direction; Д,х is the projection of Et on the plane transverse to 
the beam direction. The definition for the longitudinal energy imbalance is 
Σ
£
... 
(3.2) 
The sums are over all ASRC's. The comparison between data and MC is 
shown in figure 3.3 for both variables. 
Beam-wall, beam-gas and two-photon events are the main source of high 
energy imbalances. Cuts at EjE
wa
 = 0.4 and E\\/E
va
 = 0.4 are applied to 
remove these type of events. 
To summarise, the hadron event selection criteria based on the calorimeter 
variables are: 
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Figure 33: Scaled longitudinal (a) and transverse (b) energy imbalance for 
data (points) compared with the Monte Carlo predictions (histogram). 
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o £||/£V1S < 0.4 
The sample of hadron events used is extracted from data recorded in 1991,1992 and 
1993 and contains a total of about 1.5 million events with y/s ~ mz corresponding 
to a total luminosity of 69 pb_1. The non-qq background remaining in this sample 
is estimated to be of the order of 0.3% [44]. 
3.3 Bottom-quark enrichment 
The semi-leptonic decays of the b quark have the disadvantage that their branching 
ratios are low (~ 10%). The advantage is that they can be identified quite easily 
as a consequence of the large probability of a high transverse momentum pT of the 
lepton with respect to the line of flight of the b quark (see section 1.8.1). 
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The electron identification is based on the presence of a track in the TEC, the 
energies and the energy-pattern measured in the ECAL (see section 3.1) and the 
absence of energy deposits in the HCAL in a cone around the track in the TEC. The 
energy deposit pattern of electrons and photons in the ECAL with respect to their 
line of flight is narrower than the one produced by hadrons. This property is used 
to distinguish the electromagnetically interacting particles (electrons and photons), 
from hadrons. Photons are then distinguished from electrons by the presence of a 
match between the ECAL information and a TEC track. The muon identification 
is simpler. A muon chamber track matched to a TEC track passing close to the 
interaction point is considered sufficient. Figure 3.4 shows an example of a muon 
tagged two-jet event. More details about both lepton selections can be found e.g. 
in reference 45. 
Figure 3.4: An example of a muon tagged two-jet event as seen in the 13 
detector. Starting from the interaction point, we see the TEC tracks, the ECAL 
and the HCAL energy deposits and the MUCH with an identified muon track. 
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Note that using tau-leptons to tag b events is complicated because of their short 
lifetime; they decay before they enter the detector. 
After the electron and muon identification, we tag b quark events by the re­
quirement that the electron or muon must have both a high momentum and a high 
transverse momentum with respect to the nearest jet axis. For this tagging proce­
dure, the jet axis calculation is done without using the lepton itself. The jets are 
constructed using the JADE algorithm at a common resolution scale y
cut = 0.01. 
In figure 3.5, the distributions of ρ and ρχ are shown, both for the electrons and 
the muons. The individual contributions from the b and с quarks and the summed 
one from the u, d and s quarks are shown. The ρτ-cuts are explicitly depicted 
in the pictures; the p-cuts implicitly through the use of a suppressed zero. The 
corresponding numeric values are represented in table 3.1. The cuts are chosen 
mm ρ 
min ρτ 
Purity 
Efficiency 
Electron 
3.0 GeV 
1.0 GeV 
(87.0±0.7) % 
(5.43±0.04) % 
Muon 
4.0 GeV 
1.5 GeV 
(88.1 ±0.7) % 
(5.24±0.04) % 
Table 3.1: Cuts on momentum and transverse momentum with respect to the 
nearest jet axis for electrons and muons used for selecting b quark events and 
the purities and efficiencies obtained after their application. The errors given 
are statistical only. 
in such a way as to make the "purity" relatively high while at the same time 
preserving a workable efficiency. The purity is defined as the fraction of genuine 
e
+
e~—• bb events in the tagged sample; the efficiency as the ratio of the number 
of b events in the tagged sample to the number of b events present in the total 
hadron sample. The values, obtained from the MC sample, are also presented in 
table 3.1. Combining the electron- and muon-tagged samples results in an efficiency 
of (10.7 ± 0.05)%. The main reason for the efficiencies being so low is the small 
semi-leptonic branching ratio of the b quarks. 
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Figure 3.5: Comparison of the MC (histograms) and data (points) distributions 
of the electron and muon momentum ρ and transverse momentum ρχ. The MC-
distribution and the data are both normalised to one in the region selected by 
the cuts. 
4 
Determination of α£ and α|? 
In this chapter we determine and compare Q3 both for all quark types collectively, 
i.e. irrespective of their flavour, and for b quarks specifically. As mentioned in 
chapter 1, Quantum Chromodynamics, the theory of the strong interaction, assumes 
the strong coupling constant to be independent of the quark flavour. This assumption 
can in principle be tested in a variety of ways. In practice the tests are limited to 
those situations, in which one can identify the quark species involved. As discussed 
in chapter 3, the b quark identification is one of the most straightforward ones. Thus 
a test of 
is an obvious choice. As explained in chapter 1 (see equation 1.25), a, is related 
to ƒ3, the fraction of three-jet events. Thus a test of equation 4.1 comes down to 
testing: 
Дь = -Дг = і- (4.2) 
Like in previous experiments, we identify the jets using the JADE algorithm. 
As pointed out in section 1.6 this algorithm is the least sensitive to hadronisation 
effects. 
Throughout this chapter (and the following one) we will refer to three levels: 
the parton level, the particle level and the detected particle (or detector) level. The 
parton level refers to the stage just after the production of the quarks and the gluons 
in which they can still be considered quasi-free. With particle level we mean the 
event after the hadronisation, i.e. the way it would be observed in a perfect detector. 
With the detector level we refer to an event as observed in a real detector (as 
described in chapter 2). 
The determination of QS requires information about the three-jet fraction at the 
parton level of an event. In an experiment, however, we obtain information about 
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fully hadronised and detected particles. Both the hadromsation processes and the 
detector deficiencies have an "obscuring" effect on the parton level properties of the 
events, both tend to merge jets, thus increasing the two-jet fraction and lowering the 
three-jet fraction. To correct the recorded data for these merging effects we follow 
the above path in the reverse order: from detector to particle level (section 4 1) and 
from particle level to parton level (section 4.3) Specifically for the b sample there 
is an intermediate correction on the particle level (section 4 2) connected to the fact 
that we only observe a tagged sub-sample of the b events. 
Even after having "reduced" the data to the parton level, there are additional 
corrections to be applied before one can test 4 1. The first one is the initial state 
radiative correction (see section 4 4). The second one, only affecting the b sample, 
is related to the large b quark mass (see section 4.5). 
4.1 Detector corrections 
To evaluate the corrections on f3, events generated by JETSET (version 7 3W) are 
passed through a Monte Carlo detector simulation package For the analysis of 
the strong coupling constant a
s
, jet fractions are calculated at the particle level 
(i.e. before the detector simulation) and at the detector level (ι e. after the detector 
simulation) Detector deficiencies have a tendency to group nearby jets into one 
single jet This leads to a smaller number of three-jet events at the detector than 
at the particle level From a comparison of the three-jet fractions at both levels, 
correction factors C¿ are deduced for the detector effects. They are calculated for 
the full Veut range and for the total hadron sample and the lepton-tagged b sample 
separately. The results are shown in figure 4.1 as a function of the ycut variable The 
corrections are slightly larger for the electron-tagged sample than for the muon-
tagged one; the results shown are an average. 
The correction factors are smaller for the lower ycut values than for the higher 
ones For the higher values there are only two- and three-jet events and the mam 
migration is from three-jet to two-jet events For the lower ycut values there are 
also four-jet events which are detected as three-jet events This merging process 
cancels part of the effect of three-jet events being detected as two-jet events. The 
correction factor is smaller for the lepton-tagged sample than for the hadron sample 
as a whole. Contrary to the procedure followed in the pre-tagging determination of 
thejet-axis (see section 3.3), once the jet is tagged, its axis is recalculated including 
the high ρ and high pT lepton in the set of jet-particles. The inclusion of this lepton 
causes the corresponding jet to be more isolated and a subsequent merging due to 
C'jETSET-version 7 3 is an older version of JETSET than the one used for the evaluation of the 
hadromsation correction (see section 4 3) Its usage for the calculation of the detector correction is 
necessitated by the fact that there are, at present, no full detector simulations starting from version 
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Figure 4.1: The detector correction Cd on the three-jet fraction f3 for the total 
hadron sample and for the lepton-tagged b sample as a function ofy
cut. 
detector deficiencies is less likely. There might also be an additional effect due to 
the fact that a jet, in which one of the leading particles is a lepton, will -on average-
be less subjected to transverse broadening by secondary strong interactions than a 
"purely" hadronic jet. 
4.2 Tagging corrections 
The high ρ and high p T lepton used to tag b events causes the three-jet fraction to 
be larger in the tagged sample than in the total b sample because this lepton can 
simulate a separate jet on its own. We correct for this using a factor obtained by 
dividing the three-jet fractions of the lepton-tagged and the total b samples on the 
particle level. The factors obtained are shown in figure 4.2. 
'cut 
Figure 4.2: The tagging correction on the three-jet fraction h for the lepton-
tagged b sample as a function ofy
cul. 
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e a. 
4.3 Hadronisation corrections 
To find the necessary hadronisation correction factors for the three-jet fractions 
/з, one uses the event generator JETSET (version 7.4). The number of jets at the 
parton level (before hadronisation) and at the particle level (after hadronisation) 
are compared. From this, correction factors Ch are deduced as a function of the 
y
cat used. This procedure is again performed both for the total hadron sample and 
for the b sample separately. The correction factors for both samples are shown in 
figure 4.3. 
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Figure 4.3: The hadronisation correction Ch on the three-jet fraction ¡-¡for the 
total hadron sample and for the b sample as a function ofycut. 
For the perturbative QCD phase of JETSET the Matrix Element (ME) option is 
used. As stated in section 1.3, within this option the parton final state has been 
exactly derived from the reaction matrix elements, only up to second order in QS. 
Thus, only 2-, 3- and 4-parton final states can be generated. As a consequence, 4-jet 
fractions are evaluated only up to the lowest order, as a 4-parton event is already a 
second order process. 
The hadronisation correction has the same behaviour as the detector correction: 
the correction factors diminish for decreasing ycnt values due to the increase in the 
number of four-jet events detected as three-jet events. 
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4.4 Initial state radiative corrections 
A small effect due to initial state radiation (ISR) is taken into account by a correction 
factor which is the ratio of the three-jet fractions of two MC samples: one without 
and one with this radiation. This correction factor is again determined for the total 
hadron sample and the b sample separately. In figure 4 4 the correction factors for 
both samples are shown. The corrections are found to be very small (less than 1 %) 
for nearly the entire range of y
cut values considered. 
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Figure 4.4: The initial state radiative correction on the three-jet fraction f3 for the total hadron sample and for the b sample as a function ofy
cal. 
4.5 Mass effects of the b quark 
After application of the above mentioned corrections to the measured three-jet 
fraction, we could in principle compare the ratio Rb — /3
b//3
udcs
 with the value 
expected from theory. We should however first take b mass effects into account. 
The effect of the b quark mass is negligible for most of the variables which can 
be measured at LEP, since mass effects are normally of the order of rn^/s, the ratio 
of the square of the mass of the quark and the energy scale one is working at. The 
latter holds for the dynamical as well as for the kinematical effects. For the b quark, 
which has a mass of about 5 GeV, this ratio is 0.003 at the Z-pole. Although the 
above argument holds, e.g. for the total production cross section of b quarks, it 
is not valid for all variables. In particular, it is not true for jet cross sections [30] 
[31], because they depend on the value chosen for y
cut which introduces a new 
energy scale m
z
 ^/уПл, the maximum invariant mass of the jets. The contribution 
to the jet fraction of this y
cat mass effect is again proportional to the square of the 
ratio of the quark mass and this new scale, ι e. proportional to {тЦт\)Іу
сМ
, a 
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variable which, for small values of ycut, can become significant with respect to the 
expected Rb-precision, (e.g. at ycut = 0.05 the value of this ratio is 0.06). Therefore 
a calculation is needed which evaluates the effect of the b-mass on the three-jet 
fraction. 
The large b-mass in essence causes two effects; they both reduce the three-jet 
fraction. The first one is kinematical: the phase space for two massive quarks plus a 
gluon is less than for three (nearly) massless partons. The second one is dynamical: 
heavy quarks radiate gluons at a lower rate than lighter ones. 
The effects of the b-quark mass on the ratio /
З
ь//за с а is shown in figure 4.5 
where a comparison is made on the parton level between the massless theoretical 
Ль value (= 1), the prediction of the event generator JETSET ME (version 7.4), 
which only takes phase space effects into account, and a calculation by Bilenky 
et al. [31] which takes both kinematical and dynamical effects into account. Both 
the JETSET ME prediction and Bilenky's use mb = 5 GeV. The errors on the MC 
points are those resulting from the limited MC-sample. 
The effects of the b mass are considerable. The phase-space effect alone already 
causes an Rb-reduction of several percent. The total decrease varies between 3% 
and 9% depending on the y
cui value considered. 
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Figure 4.5: The parton level ratio Rb = ft I f3d" as calculated by Bilenky 
et.al. and the corresponding prediction by JETSET ME. 
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4.6 Systematic and statistical errors 
The main sources of systematic errors are the uncertainties on the parameters of the 
JETSET ME Monte Carlo, which lead to systematic errors on Ch, and those related 
to the detector performance, which lead to systematic errors on Cd. There are two 
additional systematic error sources which influence the three-jet fractions for the 
total hadron sample and the b sample equally and thus cancel in the ratio /
З
ь//за<і, 
but are of importance when these fractions are considered separately. The first is 
a consequence of the limited order in QS to which the exact matrix element MC 
calculations can be done. The second is due to the theoretical uncertainty in the 
renormalisation scale. 
To study the systematic error resulting from the uncertainty in the JETSET ME 
parameters on the hadronisation corrections Ch, we vary these parameters over 
plus/minus one standard deviation of their estimated error and evaluate the resulting 
variations. Note that this variation is in essence performed on the particle level. 
The parameters considered are: 
• the value of Лщ used in the second-order calculation of a
s
 (see equation 1.5); 
• the width σ
ρτ
 in the Gaussian transverse momentum pT distribution of the 
primary hadrons; 
• the fragmentation parameter 6 used in the symmetric Lund fragmentation 
function; 
• the fragmentation parameter e
c
 used in the Peterson function for the с quark; 
• the fragmentation parameter eb used in the Peterson function for the b quark. 
In table 4.1, the central values and the variation ranges used for the parameters 
are given. The ranges for the first three parameters Лщ, σ^ and b are determined 
using L3 data [18]. The parameters eb and ec and their variation ranges were 
determined by the LEP Heavy Flavour Working Group [47]. The errors due to the 
Parameter 
A M S 
σ
Ρτ 
b 
(c 
«b 
Value 
0.16 
0.48 
0.36 
0.14 
0.011 
Variation 
0.02 
0.08 
0.07 
0.02 
0.0015 
Table 4.1 : The JETSET ME parameter variations used to estimate the systematic 
error contribution due to their uncertainty range. 
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a a 
different parameters enumerated above are shown for ft1^ and for the ratio ft/ft"* 
in figures 4.6.b and 4.7.b respectively. The somewhat larger errors on ft/ft*1 are 
due to the eb and ec parameter uncertainties; as the main regulators of the b-decay 
chain, they have an obviously larger effect on a variable with only the b sample in 
the numerator. 
The uncertainties in the detector performance are dominated by two sources: 
the energy response of the detector calorimeters and the choices related to the MC 
event generator. 
To take into account the first source, the effect of the uncertainties in the G-factors 
(see section 2.3) are determined. This is realised by splitting the full data sample 
into 13 sub-samples and calculating 13 sets of 'new' G-factors using the techniques 
described in section 2.3. Subsequently 13 sets of 'new' three-jet fractions are 
evaluated using the different G-subsets; the r.m.s. of the variation of these new 
three-jet fractions is then used as an estimate for the systematic error related to the 
calorimetrie energy response. 
The second source, i.e. the MC generator uncertainties, has two contributing 
factors: the choice of the event generator model itself and again the choice of the 
parameter values within the framework of the chosen model. 
To properly take into account the systematic effects resulting from the parameter 
uncertainties (in our case from JETSET) on the detector level is a daunting task: 
millions and millions of events reflecting the variation ranges of these parameters 
would have to be put through a complete detector simulation, a prohibitive task in 
terms of computing time. We therefore (have to) make a simplifying assumption: 
we assume that the values obtained for those errors on the detector level are not 
significantly modified by subjecting them to a detector simulation. This makes the 
Cd independent of the choice of MC-parameter values. Consequently the influence 
of the parameters need not be considered further. There remains the influence of 
the choice of generator. The standard procedure to estimate the effect of the model 
choice on the factors C¿ is to redetermine them using another MC model and take 
the variations in corresponding values of Cd as the systematic error from this source. 
We have used the generator HERWIG [46] for this purpose'2'. 
As previously mentioned, the ME as calculation is only to second order and thus 
takes into account the four-jet contribution only to lowest order. To estimate the 
systematic error following from this constraint we evaluate the difference between 
the measured four-jet fraction in the data and the one predicted by the MC. In figure 
4.6 this error is included in the error on ft"*; as stated above, for Rb this error 
cancels. 
In figures 4.6a and 4.7a the different contributions to the total relative error 
for ft** and ft/ft** are shown. The errors quoted as the MC-generator errors 
correspond to the full difference between the JETSET and HERWIG generator results, 
(2)
 In principle, the ARIADNE generator [ 14] could also have been used. However insufficient MC 
statistics prevented this. 
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Figure 4.6: The different systematic contributions to the total relative error for 
/ з ^ as a function of the y
cut (a). The error called 'Jetset' is shown in figure 
(b) split into its different sub-contributions. 
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Figure 4.7: The different statistical and systematic contributions to the total 
relative error for f¡/ /£ id as a function of the j / c u t (a) The error called 'Jetset' 
is shown in figure (b) split into its different sub-contributions. 
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which is a (very) conservative choice. For ƒ£^ both the statistical errors on the data 
and the MC are negligible. The error on /3had is relatively high for low ycut values, 
where it is dominated by the error on the four-jet fraction and on the MC-generator, 
but tapers off to a nearly constant value from ycut = 0.05 onwards as the number 
of three-jet events diminish. For the ratio f^/f^ the total error grows as the 
resolution value ycut increases; this is mainly due to the increase of the statistical 
error both for the data and the MC 
4.7 Results and comparisons 
An example of a three-jet event observed with the L3 detector is shown in figure 4.8. 
Figure 4.8: A three-jet event as seen in the L3 detector. Starting from the 
interaction point, we see the TEC tracks, the ECAL with its energy deposits 
depicted as rectangles starting from the front end of the crystals and a length 
proportional to their energy, and the HCAL with its energy deposits depicted 
as proportional squares. (The muon chambers are not shown, but they contain 
no tracks.) 
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In figure 4.9 a comparison between data and MC for the two-, three- and four-jet 
fractions at detector level are shown. 
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Figure 4.9: Dependence of the fraction of 2,3 and 4-jet events on the value 
of the 2/
cu
t at the detector level. The jet-clustering algorithm used is JADE. 
The total hadron samples of MC and data are represented by histograms and 
symbols, respectively. 
The overall agreement is good. Note that the MC detector simulation used 
events generated with the JETSET PS option instead of the ME one as this MC 
yields the final state parton multiplicity required to correctly simulate the detector 
behaviour. 
In figure 4.10 three-jet fractions corrected for detector, tagging, hadronisation 
and initial state radiative effects are shown for the three different data samples: the 
total hadronic sample, the electron-tagged b sample and the muon-tagged b sample. 
For the remainder of the chapter all figures will refer to the parton level and all data 
to the combined (μ + e) b-tagged sample. 
We will use y
cut = 0.08 to quote the final results. At this ycut the total error for 
f^ is minimal (0.7%), the difference in the four-jet fraction between data and MC 
negligible and /3
had
 itself still large (~ 20%). 
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Figure 4.10: The measured three-jet fraction fatly corrected to the partorì level 
for the total hadron sample, the electron-tagged b sample and the muon-tagged 
b sample. 
First a value for QS is deduced from the three-jet fraction of the total hadron 
sample using perturbative QCD. Inverting equation 1.25 and substituting for /3 the 
measured value gives a value for as at an energy scale μ = ^/yZIt • Ecm. We then 
obtain a value for Лщ by substituting these μ and a
s
 values in equation 1.6: 
А
ш
= 161 ± 5 (syst.)"^ (theor.)MeV. (4.3) 
where the systematic error results from the propagation of the systematic errors 
on ƒ3 "* and the theoretical error from the uncertainty in the choice of the scale μ 
(the statistical error is negligible). There is no straightforward way of determining 
μ: QCD does not give a prescription. Ideally, any QCD observable should be 
independent of μ. In practice there is always some dependence left and one would 
like to choose a μ value where this dependence is minimal. As an appropriate 
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energy scale in the case of a three-jet event, we choose μ = y/y^ä • Ecm — 26 GeV, 
i.e. the maximum invariant mass of a jet. The theoretical error was estimated by 
using μ equal to half and twice this value. 
Having found a value for Лщ at the μ scale we can obtain a value for a
s
 at any 
scale by using equation 1.5. For the energy scale of the experiment one then finds 
Q 4( m z ) = 0 115 ± 0.001(syst.)™££(theor.) (4.4) 
The error is again dominated by the theoretical uncertainties on the renormalisation 
scale; the statistical error is once more negligible. For completeness we show 
in figure 4.11 the QS values obtained for other choices of ycut. One observes a 
dependence on y
cut. For values lower than 0 04, al(mz) deviates more than one 
standard deviation from the value at y
cat = 0 08. This is due to the high four-jet 
fraction at these y
cut values. For higher jet-resolution scales all values agree within 
one standard deviation from result 4.4, which justifies in retrospect the choice of 
the energy scale μ used to determine the theoretical errors. 
0.09 
0.08 
0.07 0.05 0.1 0.15 0.2 
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Figure 4.11: The value of'a. as a function of'y
cut. The shaded region indicates 
the combined theoretical and systematic error region for a, at y
cut = 0.08. 
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Our measurement agrees with the world average of aB measurements [17]: 
af{mz) = 0.117 ± 0.005(syst.+theor.) (4.5) 
As was outlined in section 1.8.1, we are able to find Дь = fu fi using 
equation 1.29. For ρ'and ph a d we used the values of 87% (section 3.3) and 22.10% 
[17] respectively. We then find the ßb-2/cut dependence shown in figure 4.12; the 
errors on the data include statistical and systematic errors. Also displayed are the 
calculations of Bilenky et al. for two different values of the b quark mass, 3 and 
5 GeV. The agreement between the data and the calculations for mb = 5 GeV is 
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Figure 4.12: The ratio Rb at partorì level as measured by L3 and as calculated 
by Bilenky et al. The error flags on the data are a quadratic combination of the 
statistical and systematic errors. 
very good: for each j / c u t value the data agrees within one standard deviation with 
the theoretical expectations. Note however that the data points are correlated. Rb 
differs from unity by several standard deviations for ycut values up to 0.08. 
After dividing the measured ratio Rb by that calculated by Bilenky et al. , we 
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find the value one would measure in case of a zero-mass b quark: 
fb Rb(mb = 0) = - ^ = 0.996 ± 0.011(stat.) ± 0.017(syst.) (4.6) 
h 
where the systematic error is the one shown in figure 4.7 at y
cut = 0.08. To first 
order in a
s
 the ratio Rb(mb = 0) equals a^/a"da; thus 
a
b 
- ^ = 0.996 ± 0.011(stat.) ± 0.017(syst.) (4.7) 
which agrees very well with the expectation from flavour independence of the 
strong coupling constant. 
Note that results 4.6 and 4.7 have been obtained using mb = 5 GeV. Alternatively, 
one could assume Rh = 1. The fact that the Дь curve for тъ = 3 GeV in figure 
4.12 shows significant differences with the data, especially in the lower j /
c u t region 
would then indicate that the mass of the b quark is indeed close to 5 GeV. 
The latest published results of L3 and other experiments at E
cm
 = 91 GeV are 
compared with the result obtained in the present analysis in table 4.2. All results are 
compatible both with each other and with the hypothesis of flavour independence 
of the strong coupling constant. Our errors are comparable with those of the most 
accurate previous results (ALEPH and OPAL)(3). 
Experiment 
L3 [48] 
ALEPH [49] 
DELPHI [50] 
OPAL [51] 
SLD [52] 
This analysis 
Q
s
b / Q
s
u d c s 
1.00 ±0.05 ±0.06 
1.002 ±0.009 ±0.022 
1.00 ±0.04 ±0.03 
0.992 ± 0.007 ±0.014 
1.026 ±0.041 ±0.051 
0.996 ±0.011 ±0.017 
Data Years 
'90 
'91 '92 
'90 '91 
'91 '92 
'93 
'91 '92 '93 
Table 4.2: Comparison of the results of different experiments for a^/a"dcs. The 
first error given is statistical, the second systematic. 
Another way of comparing our results with other experiments, albeit model 
dependent, is to plot the energy dependence of /3
hld
, a quantity which is proportional 
to a
s
. As we see from equation 1.5, the measured coupling constant a
s
 depends 
on the energy scale of the experiment. Therefore comparing three-jet fractions 
( 3 )For reasons of consistency the systematic errors quoted for ALEPH and SLD are the quadrati-
cally combined errors due to detector deficiencies and an error which the authors call 'theoretical" 
but was treated as a systematic error in the other analyses. 
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obtained in experiments of different E
cm
 with the values predicted by QCD gives a 
test of the running of a
s
 (see section 1.2). 
The results used are the е+е~ experiments of PETRA, PEP, TRISTAN, SLD 
[53, 54, 55, 56, 57] and our L3 analysis. These measurements represent energies 
ranging from E
cm
=22 to 92 GeV. To make meaningful comparisons it is necessary 
to use the same jet clustering algorithm and also the same y
cut: in this case the 
JADE algorithm and j/
cut=0.08. As was mentioned in section 1.6, this algorithm 
has the unique feature that its hadronisation correction is constant within 2% over 
the entire energy range which we use to test the running of a
s
. We can therefore 
use the data of different experiments corrected only to particle level and consider 
the hadronisation correction as a common systematic error on all data points; for 
the chosen y
cat this correction is of the order of 6 to 8 % 
In figure 4.13 the different measurements are shown together with the prediction 
resulting from equation 1.25 using for Лщ our measured value of 161 MeV. It is 
evident from this figure that the strong coupling constant runs as predicted. 
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Figure 4.13: The energy dependence at the particle level of the three-jet 
fraction using the JADE algorithm and a y
cut=0.08. For reasons explained in 
the text, the data are corrected for detector effects only. The solid line is the 
theoretical prediction from equation 1.25. 
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Sub-jet multiplicities 
In this chapter a comparison is made between the mean number of soft gluons 
radiated in two- and three-jet events. Nearly all the analysis results and distributions 
pertain to the total hadron sample; only in section 5.4.4 we will discuss some b 
tagged results. For the reasons explained in chapter 1, we will make use of the 
sub-jet multiplicity instead of the hadron multiplicity to perform the analysis. The 
number of sub-jets found for a particular value of ycat is expected to be proportional 
to the number of partons at the corresponding energy scale. Thus the whole analysis 
starts from and stays on the particle level. 
The division of the hadron sample is performed using the Durham-algorithm at 
the jet-resolution scale of ycul — y\ = 0.01. Subsequently the mean sub-jet multi-
plicities, denoted by M2 and M3, are determined, for a series of resolution scales 
i/o < 0.01 again using the Durham algorithm. Note that for the Durham algorithm 
we thus start from a two- and three-jet fraction of 63% and 32% respectively, as 
opposed to 27% and 56% for the JADE algorithm at the same ycutvalue of 0.01. For 
the end results we will concentrate on the quantity (M3 - 3)/(M2 - 2), which is the 
ratio of the multiplicities produced in addition to the jets from the initial partons. 
5.1 Corrections 
Since sub-jets are defined at the particle level, corrections for hadronisation are 
unnecessary. 
To correct for effects of the detector on the data in the present analysis we follow 
the same method as in the previous chapter: correction factors are determined from 
a MC program as the ratio of M2 and M3 before and after the detector simulation. 
The correction factors Cd, which have to be calculated for each y0 value separately, 
are displayed for M2, M3 and (M3/M2) as a function of log y0 in figure 5.1. For the 
M2 and M3 distributions considered separately, the corrections can be substantial, 
up to 15 % . For the ratio M3/M2 several systematic effects cancel and the resulting 
correction factor is small, maximum 3% for the lowest y0 values. 
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Figure 5.1: The detector corrections С
л
 for the variables М2, M3andM3/M2. 
There is in addition a small effect due to initial and final state radiation. Again 
a correction factor is calculated from two sets of generated events, one without and 
the other with the radiation. The correction factors for M2, M3 and their ratio are 
shown in figure 5.2. The corrections are very small, less than 1 % . 
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Figure 5.2: The initial and final state radiative corrections for the variables 
M2, M3 and M3/M2. 
The combined effect of both these corrections is shown in figure 5.3 for M2, 
Mj and M3/M2 and in figure 5.4 for (M2 - 2), (M3 - 3) and (M3 - 3)/(M2 - 2). 
As can be seen from figures 5.1 and 5.2, the main correction is the one due to the 
detector effects. Jets which are close together are not well resolved by the detector; 
correcting the data for detector effects therefore yields an increase in the number 
of jets, particularly at small values of y0. 
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Figure 5.3: The distributions for M2, M3 and M3/M2 without corrections and 
with radiative and detector corrections. The curves are the distributions on 
particle level from JETSET PS. 
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Figure 5.4: The distributions for M2 - 2, M3 - 3 and (M3 - 3)/(M2 - 2) without 
corrections and with radiative and detector corrections. The curves are the 
distributions on particle level from JETSET PS. 
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However, as the correction increase is larger for the two-jet sample than for the three-
jet sample, the effect of the correction on the ratios M3/M2 and (M3 - 3)/(M2 - 2) 
is actually a decrease. From here on, we will concentrate on the distribution for 
{M2 - 2), (M3 - 3) and (M3 - 3)/(M2 - 2) as they are more directly related to the 
number of soft gluons radiated. 
5.2 Systematic errors 
The only contributions to the systematic error on the data following from the 
corrections are due to uncertainties in the detector corrections; the errors on the 
radiative corrections are negligible. As explained in section 4.6 these correction 
factors are controlled by the G-factors and by the event generator. We apply the 
same methods here as described in that section: we use the G-factors as determined 
from MC sub-samples to estimate their contribution to the systematic error; we take 
the difference between the detector correction factors obtained by using JETSET PS 
and HERWIG as an estimate for the systematic error related to the type of generator 
used; and we vary the JETSET parameters (this time of JETSET PS) over plus/minus 
one standard deviation of their expected uncertainties to derive a systematic error 
due to the event generator parameter choices. These parameters and the variations 
used are presented in table 5.1. The variation for the first three parameters Λ, 
σ
Ρτ
 and b were again determined using L3 data [18] and the parameters eb and ec 
once more by the LEP Heavy Flavour Working Group [47]. The resulting errors are 
shown in figure 5.5. As in the previous chapter the variation procedure is performed 
on the particle level and we again make the assumption that these particle level 
errors are not significantly modified by a full detector simulation. 
Parameter 
Λ 
σ
Ρτ 
6 
€c 
«6 
Value 
0.31 
0.40 
0.85 
0.031 
0.0035 
Variation 
0.03 
0.06 
0.10 
0.005 
0.0009 
Table 5.1: The JETSET PS parameter variations used to estimate the systematic 
error contribution due to the uncertainty on these parameters. 
The complete systematic error for (M3 - 3)/(M2 - 2) is shown in figure 5.6 
together with its different subcontributions. For the lower y0 values the errors are 
relatively small, of the order of 1 to 5 percent. Only for the very high y0 region 
do the errors become larger. This is due to the fact that the multiplicities in this y0 
region, after the subtraction of the initial number of hard partons, become close to 
zero; small absolute differences then create large relative errors. 
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Figure 5.5: The relative systematic errors due to uncertainties in the parame­
ters of the JETSET PS for (M3 - 3)/(M2 - 2). 
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Figure 5.6: The total relative systematic error for (M3 - 3)/(Λί2 - 2) together 
with its different sub-contributions. 
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5.3 Results 
In figure 5.7 the distribution for (M3 - 3)/(M2 - 2) is shown after application of the 
correction factors. The shape of the distribution can be understood by the following 
arguments. 
At 2/0 = 2/!= 0.01 there are no sub-jets; only the two or three main jets are 
resolved. Thus the observable (M3 - 3)/(M2 - 2) is not defined. 
At 2/o< î/i, i.e. at a coarse jet-resolution scale, we can only distinguish the "fairly 
hard" gluons. In a three-jet event the energy available per initial parton to radiate 
such a gluon is less than in a two-jet events since the total energy has to be divided 
over three partons instead of over two. Initially the ratio (M3 - 3)/(M2 - 2) will 
therefore be smaller than 1. 
Proceeding to lower y0 values, (M3 - 3)/(M2 - 2) increases down to a resolution 
scale г/о ~ Ю-3 5. As the jet-resolution scale gets finer and finer, (M3 - 3)/(M2 - 2) 
becomes larger than 1. This is due to the hard gluon in the three-jet events which 
because of its larger colour factor emits more soft gluons than a quark. 
For values y0 < Ю
-3 5
 the distribution flattens; the ratio of the rates of resolving 
sub-jets becomes essentially constant. The sub-jets are only probing the very soft 
gluons and hadrons. As hadronisation for soft gluons from two-jet events happens 
in the same way as for those from three-jet events, the relative rate does not change 
any more. 
Using equation 1.18 with EVIS — 91 GeV and a ycut value y0 = 10
- 3 5
, the 
boundary between the steep and the flat region is found to correspond to a "Durham"-
transverse energy of 1.6 GeV. As larger energy scales (i.e. at larger y0 values) are 
generally associated with perturbative processes, the steep region is considered to 
be the perturbative region; the flat region the non-perturbative one. The transition 
between the perturbative and non-perturbative regions is rather well defined; the 
transition scale of ~ 1.6 GeV This value is somewhat higher than the scale of 
1 GeV usually associated with the onset of hadronisation processes. It appears 
to be related to the "obscuring" effects of the transverse energy introduced by the 
hadronisation processes. We have checked this in JETSET PS: varying σ
ρτ
, the width 
in the Gaussian transverse momentum pr distribution of the primary hadrons, from 
0.4 GeV (the default value) to 0.1 GeV lowers the transition scale from 1.6 GeV 
to about 1 GeV; increasing a
n
 to 0.8 GeV causes the transition scale to shift to a 
higher value of about 3 GeV. 
All the above observations pertain to the distributions of (M3 - 3)/(M2 - 2) for 
the total hadron sample. In an attempt to obtain an additional flavour independence 
test, we have also made a first measurement and comparison of that same ratio for 
the b-quark sample only. The results (and complications encountered) are presented 
in section 5.4.4. 
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5.4 Comparisons 
In this section we compare our total hadron sample data with the naive prediction of 
equation 1.32, with the NLLA prediction and with various MC predictions. We also 
compare our b-sample sub-jet multiplicities with JETSET PS and the total hadron 
sample multiplicities. We conclude with a short review of results obtained by other 
experiments. 
5.4.1 Naive prediction 
In chapter 1 we deduced an expectation for the ratio (M3 - 3)/(M2 - 2) just using 
the colour factors for emission of soft gluons by the primary quarks and gluons 
assuming no interference (see equation 1.32): 
M3 - 3 _ 2CF + CA _ 17 
M2 - 2 ~~ 2CF 8 ' 
The measurements are nowhere near this prediction; the highest value reached for 
this ratio is 1.25. Note however that the naive prediction of equation 1.32 only holds 
for yo « й « 1 and for yo still in the perturbative region (i.e. ^/y¿ • Ecm » 1 GeV). 
However, for present-day experiments the first requirement always leads to an en-
ergy region below the perturbative region; it is therefore not possible to simultane-
ously satisfy these conditions. 
5.4.2 NLLA prediction 
Figure 5.7 shows a comparison of the perturbative NLLA prediction for the ratio 
(M3 - 3)/(M2 - 2) with the experimental data from the total hadron sample. 
The NLLA calculation shown was performed with a QCD scale Лщ = 0.35 GeV. 
The agreement between the corrected data and the prediction is very good for the 
region y0 > 10~
3
 \ i.e. the perturbative region. As the calculations are based on 
perturbative QCD, the predictions cannot be expected to agree with the data in the 
non-perturbati ve region. Note also that the onset of the disagreement coincides with 
the clearly observed transition between the perturbative and the non-perturbative 
region. 
5.4.3 Monte Carlo model predictions 
Gluon coherence can be incorporated in the perturbative phase of event generators 
by angular ordering (АО) (see section 1.4). To investigate the size of the effect, we 
use the event generator JETSET (version 7.4), both with and without АО. In figure 
5.8 the predictions are compared with the data. Also the predictions from two 
other generators HERWIG and ARIADNE [14] are shown; both of these generators 
incorporate АО. 
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Figure 5.7: The distribution for {M3 - 3)/(Af2 - 2) for the corrected total 
hadron sample. The curve is the NLLA prediction. 
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Figure 5.8: The distribution for (M3 - 3)/(M2 - 2) for the corrected hadron 
sample. The curves are the distributions on the particle level generated by 
different MC's: JETSET with and without АО, HERWIG and ARIADNE. 
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The main difference between JETSET and HERWIG is in the hadronisation descrip­
tion: JETSET uses the Lund symmetric fragmentation model and HERWIG uses the 
cluster fragmentation model. ARIADNE differs form JETSET in its parton shower 
generation: JETSET uses the PS option and ARIADNE a colour dipole model. The 
values of the parameters in the different models were derived from a fit to the L3 
data [18]. 
The JETSET distribution (M3 - 3)/(M2 - 2) without АО (NoAO) for y0< yi is 
smaller than 1 as expected and АО enhances this effect. In fact, АО pushes the 
ratio down over the whole y0 range. This is due to the fact that in a three-jet event 
the emitted hard gluon is on average clearly correlated with the hemisphere of 
the emitting primary quark and АО requires the subsequent soft gluons to stay in 
a continuously decreasing cone-angle around their parent parton. Therefore less 
sub-jets are resolved whatever the y0 value. 
We see from figure 5.8 that JETSET without АО always overestimates the data. 
With АО the agreement is greatly improved. However there are still small dis­
crepancies at the higher y0 values, where the MC underestimates the data slightly, 
and at the lower y0 values where there is an overestimation. The best agreement is 
obtained by HERWIG while ARIADNE fits somewhat less well than JETSET АО. In 
any case, the agreement between the MC's with АО and the data is always better 
than for JETSET N O A O . 
5.4.4 Heavy quark effects 
As stated in section 5.3 we also made a first measurement of (M3 - 3)/(M2 - 2) 
specifically for b-events. The results are shown in figure 5.9 together with the 
predictions by JETSET PS with АО and including the kinematic effects of the 
b-mass. The measured ratio follows the general behaviour discussed for the hadron 
sample as a whole but lies systematically below the JETSET АО prediction. This 
is presumably due to the fact that JETSET does not take into account the dynamical 
b-quark mass effects. As explained in chapter 1, at present, for including dynamical 
quark mass effects, only first order a
s
 results are available. For the sub-jet analysis 
however higher order calculations are necessary due to the large number of soft 
gluons. This situation prevents drawing any conclusion from figure 5.9 other than 
those already presented in section 5.3. 
For reference purposes the distribution obtained for the total hadron sample is 
also shown. While the b-sample ratio is lower than the complete hadron sample 
at all values of y0, both in the data and in the MC, the effect is larger in the data. 
This again indicates the need for a better description of b-mass effects in the MC, 
i.e. a description that goes beyond the kinematical consequences of the mass. In 
the absence of such a description one cannot trace the origin(s) of the discrepancies 
observed. 
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5.4.5 Other experiments 
The L3 experiment was the first in 1993 to measure sub-jet multiplicities [59]. At 
that time M3/M2 was measured only in the perturbative region. The data agreed 
well with the NLLA calculations and it was shown that MC simulations needed 
gluon АО to reproduce the data. 
In 1994 the OPAL experiment extended the measurements to the non-perturbative 
region and also studied the distributions after subtraction of the initial hard partons, 
i.e. (M 3 - 3) and (M2 - 2) as well as their ratio [60]. It was found that the MC 
with АО agreed well with the data in both the perturbative and non-perturbative 
region thus confirming and extending the findings of L3. Again the NLLA predic­
tions followed the data distributions in the perturbative region but deviated in the 
non-perturbative region. 
The ALEPH collaboration presented in 1995 a sub-jet analysis in which gluon 
jets in heavy flavour three-jet events were isolated thus enabling a comparison of 
sub-jet multiplicities in gluon-jets (Ng) and quark-jets (JV,) [61]. The gluon-jet isola­
tion was performed by an anti-lepton-tag. Usingi/i = 0.01, a ratio (Ng - l)/(Nq - 1) 
equal to 1.96 ± 0.15 was found for y0 = 2 · 10
- 3
 and equal to 1.29 ± 0.03 for 
j/o = 1-6 · 10 - 5 in agreement with MC predictions assuming АО. Later perturbative 
QCD calculations for separate jets agreed with these measurements [62]. ALEPH 
also made comparisons between the data and a toy model, where the gluons were 
given the same colour factor as the quarks, C A = 4/3; the results were found to be 
incompatible with the data. 
Recently the AMY experiment at the KEK storage ring TRISTAN (£Cm=58 GeV) 
published a sub-jet analysis also for four-jet events, M4 [63]. The measurements 
for {Mi - М2)/(М3 - M2) agreed with MC incorporating АО thus showing that 
hard gluons radiate in the same manner both in three- and four-jet events. Their 
measurement of (M3 - 3)/(M2 - 2) also agreed with the NLLA prediction in the 
perturbative region. From QCD one naively expects 
M4 - M2 = (2 · CF + 2 · C A ) - (2 · CF) _ 2 • CA 
M3 -M2 (2 • CF + CA) - (2 · CF) C A l " ; 
In the AMY experiment the above ratio was found to lie between 1.96 ± 0.02 and 
1.89 ± 0.05 depending on y0. The reason why the naive prediction is now found to 
be correct is apparently related to the fact that ratio 5.1 effectively only tests the 
expectation that two hard gluon jets should display a soft gluon emission rate equal 
to two times that of a single hard gluon jet. 

6 
Conclusions and outlook 
The analyses presented in this thesis are a continuation and an extension of earlier 
L3 QCD studies at i/s = m
z
. 
Our measurement of a
a
 agrees with the world average. Like previous L3-
measurements its error is still dominated by theoretical uncertainties, specifically 
to those related to the choice of the energy scale, μ. Changing this situation will 
require calculations of a higher order than is presently available. 
Our QCD test of flavour independence is more precise than the previous L3 one 
due to an increase of statistics and a better understanding of the detector. However, 
even at present the largest errors still come from the limited number of detector 
simulated MC events and the limited data-sample statistics. The path to follow 
to solve the first problem is obvious. To increase the data statistics there are two 
ways: more detector running and more efficient b-tagging. Use of the L3 Silicon 
Microvertex Detector (SMD) installed in 1994 in the L3 detector is expected to at 
least double the b-tagging efficiency at equal levels of purity. 
Our results from the sub-jet multiplicity study are consistent with those of other 
experiments and extend the previous L3 and OPAL analyses to larger statistics and 
to b events. In the perturbative QCD region they also agree very well with the 
NLLA predictions. An interesting observation is the connection found between the 
transverse energy produced by the hadronisation process and the energy scale found 
for the transition between the perturbative and the non-perturbative (hadronisation) 
QCD regions. At large resolution scales the errors on the number of sub-jets 
found in two- and three-jet events is dominated by the uncertainties related to 
the MC-generator choice (in our case the difference between the JETSET PS and 
HERWIG generators). A better tuning of the MC-generators might improve this 
situation. The conclusions drawn for the b sub-jet multiplicities on the other 
hand, are severely limited by the fact that there exist no higher order corrections 
which take into account the dynamical quark-mass effects. Note that calculation of 
such corrections to higher order could also become necessary to fully exploit the 
advantage of higher statistics in the a9 analysis. 
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Summary 
The subject of this thesis is tests of Quantum Chromodynamics (QCD) by studying 
the properties of hadronic jets produced in e+e~ collisions. Two types of tests 
are considered; they both involve the gluon, the messenger particle of the strong 
interaction. 
The data sample used in the present analysis was obtained in the years 1991,1992 
and 1993 with the L3 detector, one of the four detectors set up around the CERN-
LEP storage ring accelerator to study e+e~ collisions. The L3 detector consists of 
a series of concentric subdetectors embedded in a large magnet. Each subdetector 
has a dedicated task. Their location in essence depends on the penetration power 
of the particles they are supposed to identify and to measure. Immediately around 
the interaction point there is a multiwire central tracking detector measuring the 
momenta of the charged particles. This is followed by a layer of BGO-crystals 
intended to identify and to measure the energy of the electrons and the photons by 
electromagnetic shower absorption techniques. Next there is a second calorimeter, 
the hadron calorimeter, consisting of layers of uranium plates interspersed with 
multiwire proportional chambers, which stops all hadrons and thus measures their 
energy. Beyond the hadron calorimeter only muons are able to penetrate; they are 
momentum analysed in the last detector layer, the muon chambers, in essence a 
large array of wire drift chambers. 
The process e+e~ —• 7/Z -» qq —• hadrons is usually divided in four successive 
stages. In the first stage the e+e~ pair annihilates to form a lineair combination of 
a Z-boson and a photon which then decays into a qq pair. Next the initial quarks 
start radiating hard gluons which in tum radiate softer gluons or transform into qq 
pairs. In the third stage the quarks and the gluons (collectively called the partons) 
hadronise, i.e. form hadrons. In the last stage the unstable hadrons decay. The 
first two stages are described by the so-called Standard Model; more specifically, 
the first stage by the electroweak component of this model and the second one by 
its QCD-component. The third stage, presumed also to be governed by QCD, uses 
phenomenological models fitted to the data, since QCD calculations cannot (yet) 
be done at this small a scale. The last stage is also described phenomenologically 
using experimentally determined input derived from the decay properties of the 
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particles involved. 
The first QCD test concerns the hard gluon radiated by the initial qq pair resulting 
from the Z-decay. Such gluon emission can be described by perturbation theory and 
QCD can therefore make predictions for these processes. One of these predictions 
is that the rate of hard gluon emission is proportional to a
s
, the strong coupling 
constant. Experimentally, the observation of the initial quarks and the hard gluon 
they emit comes down to observing the particle jets which they cause. Measuring 
the three-jet fraction thus indirectly measures QS. Jets, in turn, are identified 
with the help of algorithms which group the final state hadrons into clusters of 
particles likely to have come from one and the same initial "hard" parton. The 
most frequently used algorithms are the JADE and the Durham algorithms. Every 
algorithm uses a parameter, the so-called resolution scale, to decide on the presence 
or absence of a jet. Most analyses present results for a broad range of choices 
for this parameter. The parameter in the JADE algorithm stresses effective mass 
correlations; in Durham it stresses the transverse energy ones. Using the observed 
JADE three-jet fraction for the total hadron sample we find 
a
s
 = 0.115 ± 0.001(syst.)^^(theor.) . 
A second QCD test, again related to hard gluons, is the so-called "flavour" inde­
pendence of the strong coupling constant. Flavour independence is the assumption 
embedded in QCD that a
s
 is the same for all quarks irrespective of their species, 
i.e. their flavour. A possible way to test this assumption is to compare the emission 
rate of hard gluons by the heavy b quark with that by the lighter u, d, с and s quarks. 
In practice this is done by comparing the three-jet fraction produced by these two 
quark categories. To identify the b quarks we use the lepton-tagging technique, i.e. 
the fact that the leptonic decay of the b quark leads to easily separable leptons with 
large momentum and large transverse momentum. After correcting for dynamical 
and kinematical effects caused by the large mass of the b quark and again using the 
JADE algorithm, we find 
Q5b/asudcs = 0.996 ± 0.011(stat.) ± 0.017(syst.) 
in agreement with the QCD prediction of Q9 flavour independence. 
The third test concerns the emission of soft gluons. QCD predicts that the rate 
at which soft gluons are radiated by quarks and gluons are different. Thus M2, the 
number of soft gluons in a two-jet event (with two quark jets), is expected to be 
different from M3, that same number in a three-jet event (with two quark jets and 
one gluon jet). Jet events can be subdivided into so-called sub-jets; their number is 
proportional to the number of soft gluons. Counting the number of sub-jets in an 
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event is therefore equivalent to measuring its number of soft gluons. To facilitate 
comparison with theoretical predictions, both the initial splitting of the sample into 
two and three jet events and the identification of the sub-jets is now performed 
with the Durham-algorithm. In addition, to obtain sub-jet multiplicities which 
more closely mirror the number of soft gluons we use numbers with the initial hard 
partons subtracted, i.e. (M2 - 2) instead of M2 and (M3 - 3) instead of M3. 
Naively one would predict (M2 - 2) and (M3 - 3) to be proportional to the 
sum of the so-called colour-factors of the initiating partons. The measurements are 
however nowhere near agreeing with this prediction. 
Perturbative QCD calculations in the so-called Next-to-Leading-Log Approxi-
mation (NLLA) yield a better agreement with the data. The data practically coincide 
with these predictions for not too small sub-jet resolution scales, i.e. in the pertur-
bative region, which is also the a priori validity region of these predictions. For 
smaller values of the sub-jet resolution variable, i.e. in the non-perturbative hadro-
nisation region, there is not only —as expected— a large discrepancy between the 
data and the NLLA-prediction, but also a very clear-cut change in the the sub-jet 
resolution scale dependence of the ratio (M3 - 3)/(M2 - 2): in passing from the 
perturbative to the non-perturbative region it changes from a steeply rising function 
into an essentially flat one. 
We also made a first measurement of the ratio (M3 - 3)/(M2 - 2) for b events. 
The results obtained not only systematically lie below the corresponding hadron 
sample values, they also lie below the corresponding JETSET PS predictions. This is 
probably due to the large mass of the b quark. The fact the there are no calculations 
available of sufficiently high order in as which take this mass effect into account, 
precludes a test of flavour independence using this analysis. 
Comparisons of the (M3 - 3)/(M2 - 2) values for the total hadron sample with 
different Monte Carlo models shows that it is necessary to take gluon interference 
into account in order to obtain a good agreement with the data. This interference, 
which is destructive, leads to an effect called angular ordering. Angular ordering 
implies that the successively emitted gluon generations are radiated at smaller and 
smaller angles. In three-jet events this leads to a suppression of the number of soft 
gluons, and manifests itself as an overall lowering of the ratio (M3 - 3)/(M2 - 2). 
Our data agree well with this prediction. 

Samenvatting 
Het onderwerp van dit proefschrift is een aantal testen van Quantum Chromo-
dynamica (QCD) met behulp van hadron jets. Twee soorten van testen worden 
behandeld: beide hebben te maken met het gluon, het boodschapper- of kracht-
deeltje van de sterke wisselwerking. 
De meetgegevens die in deze analyses gebruikt worden zijn verzameld in dejaren 
1991, 1992 en 1993 met de L3 detector. Dit is een van de vier detectoren opgesteld 
rond de CERN-LEP circulaire versneller om e+e~ botsingen te bestuderen. De L3 
detector bestaat uit een serie concentrische subdetectoren omhuld door een grote 
magneet. Elke subdetector heeft een zeer specifieke taak. Zijn positie wordt primair 
bepaald door het doordringend vermogen van de deeltjes die hij geacht wordt te 
identificeren en te meten. Direct om het interactie punt zit een dradenkamer die de 
impuls van geladen deeltjes meet. De volgende detector is een calorimeter gemaakt 
van een laag BGO kristallen met als doel het meten van de energie van fotonen 
en electronen met behulp van de zogenaamde shower-absorptie techniek. Daarna 
is er de hadron calorimeter, bestaande uit lagen uranium platen die de hadronen 
absorberen afgewisseld met proportionele dradenkamers om de afgestane energie 
te meten. Alleen muonen zijn in staat om al de drie vorige detectoren te passeren en 
gedetecteerd te worden in de laatste sub-detector laag, de muon kamers, in principe 
een rij van dradenkamers. 
De beschrijving van het proces e+e~ -> 7/Z -> qq -+ hadronen wordt normaler-
wijs onderverdeeld in vier stappen. In de eerste stap annihileert het e+e~ paar in 
een lineaire combinatie van een Z-boson en een foton die vervolgens in een qq paar 
vervalt; dit wordt beschreven door het Electrozwakke Standaard Model. Hierop 
stralen de quarks harde gluonen uit die op hun beurt zachte gluonen uitstralen of 
transformeren in qq paren; de theorie voor deze stap wordt door de QCD com-
ponent van het Standaard Model gegeven. In de derde stap vormen de quarks 
en gluonen (samen ook wel partonen genoemd) hadronen hetgeen "hadroniseren" 
genoemd wordt; voor de beschrijving hiervan maakt men gebruik van, aan de data 
aangepaste, fenomenologische modellen aangezien QCD berekeningen (nog) niet 
uitgevoerd kunnen worden voor zulke kleine energie schalen. In de laatste stap ver-
vallen de instabiele hadronen; ook hierbij wordt gebruik gemaakt van experimenteel 
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verkregen vervalseigenschappen van de desbetreffende deeltjes. 
De eerste QCD test in dit proefschrift betreft harde gluonen, uitgezonden door 
het initiële qq paar afkomstig van het Z-verval. Dit soort gluon emissie kan 
beschreven worden door perturbatie-theorie, waardoor QCD voorspellingen kan 
maken over deze processen. Een van deze voorspellingen is dat het aantal harde 
gluon emissies proportioneel is met as, de sterke-wisselwerkingsconstante. De 
experimentele observatie van de initiële quarks en gluonen gebeurt via de jets van 
deeltjes die ze veroorzaken. Een meting van de fractie van drie-jet gebeurtenissen is 
dus een indirecte manier om de groóte van a3 te bepalen. Jets op hun beurt worden 
geïdentificeerd met behulp van algorithmes die deeltjes groeperen in clusters waar-
van het waarschijnlijk is dat ze van een en hetzelfde parton afkomstig zijn. Alle 
algorithmes maken gebruik van een parameter, de zogenaamde resolutieschaal, om 
te beslissen over de af- of aanwezigheid van een jet. De meeste analysis presenteren 
hun resultaten voor een hele serie van keuzes voor deze parameter. De meest ge-
bruikte algorithmes zijn de JADE en Durham algorithmes. De resolutieschaal van 
het eerste is gebaseerd op effectieve massa's en die van het tweede op transversale 
energieën. Gebruik makend van de JADE drie-jet-fractie voor alle hadron data, 
vinden we 
Q9 = 0.115 ± 0.001(syst.)"^(theor.) . 
Een tweede QCD test, eveneens gerelateerd aan harde gluonen, betreft de zoge-
naamde soort of "smaak" onafhankelijkheid van the sterke-wisselwerkingsconstante. 
Smaak onafhankelijkheid is de aanname in QCD die stelt dat QS dezelfde waarde 
heeft voor de verschillende smaken quarks. Deze aanname kan worden getest door 
de harde-gluonstraling van de b-quarks te vergelijken met die van de lichtere u-, d-, 
c- en s-quarks. In de praktijk komt dit neer op het vergelijken van de drie-jet-fracties 
van deze twee quark categorieën. Om b-quark gebeurtenissen te onderscheiden van 
de andere, maken we gebruik van het semi-leptonische verval van de b-quark. In 
dit verval heeft het eenvoudig te detecteren lepton een hoge impuls en frequent 
ook een hoge transversale impuls. Na correctie voor dynamische en kinematische 
effecten veroorzaakt door de massa van de b-quark en weer gebruik makend van 
het JADE algorithme, vinden we 
at/af1* = 0.996 ± 0.011(stat.) ± 0.017(syst.) 
hetgeen in overeenstemming is met de QCD voorspelling dat as niet afhangt van 
de quark-smaak. 
De derde test betreft de emissie van zachte gluonen. QCD voorspelt dat de 
aantallen zachte gluonen uitgestraald door quarks en gluonen verschillend zijn. 
Dus M2, het aantal zachte gluonen uitgestraald in een twee-jet gebeurtenis (met 
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twee initiële quarks), wordt geacht anders te zijn dan M3, datzelfde aantal in 
een drie-jet gebeurtenis (met twee initiële quarks en een gluon). Jets kunnen 
worden onderverdeeld in zogenaamde sub-jets; hun aantal is proportioneel met 
het aantal zachte gluonen. Het tellen van het aantal sub-jets in een gebeurtenis is 
dus equivalent met het meten van het aantal zachte gluonen dat het bevat. Om 
de vergelijking met theoretische modellen te vereenvoudigen maken we gebruik 
van het Durham algorithme zowel om de twee- van de drie-jet gebeurtenissen 
te onderscheiden als om deze jets op hun beurt onder te verdelen in sub-jets. 
Bovendien, om sub-jet multipliciteiten te verkrijgen die beter overeenstemmen met 
het aantal gluonen worden de initiële harde partonen niet meegeteld ; dit doen we 
door Mi te vervangen door (M2 - 2) en M3 door (M3 - 3). 
Een naïve voorspelling zegt dan dat (M2 - 2) en (M3 - 3) evenredig zouden 
moeten zijn met de som van de zogenaamde kleur-factoren van de initiële partonen. 
De metingen zijn echter nergens in overeenstemming met deze voorspelling. 
Perturbative QCD berekeningen in de zogenaamde Next-to-Leading-Log Ap-
proximation (NLLA) geven een betere overeenstemming met de data. De data 
vallen samen met deze berekeningen voor niet te kleine sub-jet resoluties; dat 
is het zogenaamde perturbatieve gebied en tevens het domein waarin de voor-
spellingen geldig geacht worden te zijn. Voor kleinere waarden van de sub-jet-
resolutievariabele, d.w.z. in het niet-perturbatieve hadronizatiegebied, is er niet 
alleen verschil in de data en de NLLA-voorspelling, maar tevens een zeer verschil-
lend gedrag. Om precies te zijn: de verhouding (M3 - 3)/(M2 - 2) verandert van 
een steile distributie in een zeer vlakke. Deze overgang vindt plaats bij een redelijk 
scherp gedefinieerde schaal die overeenkomt met een transversale energie van 1.6 
GeV. 
Er is ook een eerste meting gemaakt van (M3 - 3)/(M2 - 2) voor b-quark 
gebeurtenissen. De distributie hiervan ligt significant lager dan die voor de volledige 
verzameling hadron gebeurtenissen maar ook lager dan de Monte Carlo voorspellin-
gen voor de b quarks. Dit is waarschijnlijk te wijten aan de massa van de b-quark. 
Er zijn echter geen hoge orde berekeningen voorhanden die deze massa-effecten 
kunnen meenemen. Een zinvolle uitspraak over smaak-onafhankelijkheid in deze 
analyse is dus niet mogelijk. 
Vergelijking van de verdelingen voor (M2 - 2) en (M3 - 3) van de volledige 
verzameling hadron gebeurtenissen met verschillende Monte Carlo modellen laat 
zien dat, om tot een goede beschrijving te komen van de data, het nodig is om gluon 
interferentie in rekening te brengen. Deze (destructieve) interferentie leidt tot 
een effect met de naam hoek-ordening. Hierbij worden de opeenvolgende gluon-
generaties uitgestraald onder steeds kleinere hoeken. In drie-jet gebeurtenissen 
wordt dit waargenomen als een vermindering van het aantal zachte gluonen hetgeen 
tot uiting komt in een algemene daling van de verhouding (M3 - 3)/(M2 - 2). De 
data komen goed overeen met deze voorspelling. 
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